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ABSTRACT
We use measurements of dispersed fluorescence from electronically excited 
photoions to study fundamental aspects of intramolecular dynamics. Our 
experimental innovations make it possible to obtain highly resolved 
photoionization data that offer qualitative insights into molecular scattering. In 
particular, we obtain vihrationally resolved data to probe coupling between the 
electronic and nuclear degrees of freedom by studying the distribution of 
vibrational energy among photoions. Vibrationally resolved branching ratios are 
measured over a broad spectral range of excitation energy and their 
non-Franck-Condon behavior is used as a tool to investigate two diverse aspects 
of shape resonant photoionization. First, vibrational branching ratios are 
obtained for the SiF4 S a f1 and CS2 5<xu_1 photoionization channels to help 
elucidate the microscopic aspects of shape resonant wavefunction for polyatomic 
molecules. It is shown that in such molecules the shape resonant wavefunction is 
not necessarily attributable to a specific bond in the molecule. Second, the 
multichannel aspect of shape resonant photoionization dynamics, reflected in 
continuum channel coupling, is investigated by obtaining vibrational branching 
ratios for the 2<ru_1 and 4<r"1 photoionization of the isoelectronic molecules N2 and 
CO, respectively. These data indicate that effects of continuum coupling may be 
widespread. We also present the first set of rotationally resolved data over a wide 
energy range for the 2<7U"1 photoionization of N2. These data probe the 
partitioning of the angular momentum between the photoelectron and photoion, 
and highlight the multicenter nature of the molecular potential. These case 
studies illustrate the utility of dispersed fluorescence measurements as a 
complement to photoelectron spectroscopy for obtaining highly resolved data for 
molecular photoionization. These measurements makes it possible to probe
intrinsically molecular aspects, such as the vibration and rotation, of 
photoionization dynamics over an extended spectral range when used in 
conjunction with synchrotron radiation as the exciting source. Furthermore, the 
high resolution made possible by this technique provides high selectivity for 
accessing weaker ionization channels which are the ones strongly affected by 
resonant activity, and the present study repeatedly stresses the importance of this 
capability in discovering and deciphering new trends in resonant molecular 
ionization dynamics.
1. INTRODUCTION
1.1 Accomplishments
This dissertation focuses on highly resolved experimental studies of 
molecular photoionization, and illustrates that such data can generate new 
insights into molecular scattering dynamics. This work demonstrates the utility 
of dispersed fluorescence from electronically excited photoions for obtaining 
vibrationally and rotationally resolved photoionization data and, more 
importantly, that the high resolution offered by this technique is sustained over a 
broad range of incident photon energies above the ionization threshold. This 
enables, for the first time, high resolution studies of dynamical features that are 
embedded deep in ionization continua, thereby illuminating fundamental aspects 
of energy and angular momentum pathways in fundamental molecular scattering 
processes. Furthermore, the dissertation underscores a central and recurring 
theme in the study of molecular photoionization, that weaker ionization channels 
are the ones strongly affected by resonant activity and it is fruitful to access such 
channels in order to decipher new trends in resonant molecular ionization 
dynamics; vibrationally and rotationally resolved photoionization data offer the 
requisite high selectivity for this purpose. This dissertation work highlights the 
utility of this approach, and suggests future avenues of research. Specifically, the 
following problems in the study of molecular photoionization are addressed.
« We attempt to characterize microscopic aspects of shape resonances in 
complex molecular systems by obtaining vibrationally resolved data to 
probe the role of the molecular geometry in polyatomic shape resonant 
photoionization. We study the 5 a '1 shape resonant photoionization of 
SiF4 and this is the first vibrationally resolved study of a shape resonance
1
2in photoionization of a non-linear polyatomic molecule. We also 
investigate the shape resonance in 5^-* C7rg photoionization channel of 
CS2 and our data are the only vibrationally resolved data for a shape 
resonant wavefunction resonating in the tc continuum. These studies 
directly probe the geometry of polyatomic shape resonant wavefunctions 
and guide us toward a more complete, picture of manifestations of shape 
resonances.
® Shape resonances can affect alternative ionization channels via continuum 
coupling and it is important to characterize this multichannel behavior in 
order to develop a predictive model for molecular photoionization. We 
investigate vibrationally resolved aspects of shape resonance mediated 
continuum coupling by studying 2<ru_1 and 4a-'1 photoionization of N2 and 
CO, respectively. Such efforts have been scarce and our data will serve as 
stringent test for the much needed theoretical development in this field 
by providing a clear and unambiguous signature of this coupling.
• Rotationally resolved data are obtained, for the first time, over a broad 
spectral range above the ionization threshold to elucidate the 
fundamental aspects of electron-molecule scattering. Our prototype 
study of N2(2<ru-1) photoionization demonstrates the power of synchrotron 
radiation-based dispersed fluorescence measurements as a high resolution 
probe of molecular photoionization. This is currently being applied to 
studies of shape resonant photoionization, such as those described in 
related vibrationally resolved studies.
1.2 Motivation
There are several motivations for studying molecular photoionization. Most 
importantly, it provides information on fundamental aspects of molecular
3scattering dynamics.[1-10,12-17]. This is apparent if photoionization is viewed as 
a "half-scattering" event [11,12] in which dipole excitations create a 
collision-complex that subsequently decays by ejection of an electron from the 
field of the molecule. The outgoing electron interacts with the highly anisotropic 
field of the ion and may also couple to nuclear degrees of freedom. Thus, the 
dynamical information carried by the photoelectron to the detector illuminates 
the two most fundamental aspects of molecular physics — the scattering in the 
multicenter anisotropic potential, and the coupling between the electronic and the 
nuclear degrees of freedom. This information can be easily accessed by highly 
resolved photoionization data. For example, vibrationally resolved 
photoionization studies permit continuous adjustment of photoelectron energy 
while forming ions in different vibrational states. By sampling alternative 
internuclear configurations, these data probe the coupling between the electronic 
and nuclear degrees of freedom. In the same vein, rotationally resolved data 
provide a window into the multicenter nature of the molecular field as the 
partitioning of angular momentum between the outgoing electron and photoion is 
governed by the interaction of the electron with the anisotropic potential. This 
information is a sensitive probe of interaction dynamics and can be accessed, in 
principle, by obtaining ionic rotational distributions.
Moreover, the "half-scattering" [11,12] aspect of photoionization is also 
useful for gaining insight into fundamental issues of other molecular scattering 
processes. For example, the physics of photoionization is intimately related to 
that of fast charged particle scattering [11]. Both processes are simply treated by 
quantum mechanical perturbation theory. The perturbative aspect of 
photoionization manifests itself in the fact that electromagnetic fields of incident 
radiation are extremely small compared to the internal fields of a molecule. For 
fast particle collisions, it is the short duration of the electromagnetic pulse
4induced by the charged projectile at the target site which allows us to use 
perturbation theory. However, photoionization offers theoretical as well as 
experimental advantages for deducing this physics. Angular momentum and 
parity selection rules governing photoionization result in great simplification by 
severely limiting the number of final states that are accessible to the 
(ion +  electron) complex [11]. This is complementary to the fast particle 
scattering as the final state of the complex can have, in principle, any angular 
momentum [11]. This overall simplicity of the process has lead to a highly 
sophisticated theoretical framework that is capable of accounting for known 
features in molecular photoionization and predicting new ones [7,12-17]. In 
addition, technical advances, most notably the development of synchrotron 
radiation sources [18], have enabled experiments to provide stringent tests for the 
theory and also to serve as guideposts for its further development. The present 
high resolution experimental program strives to serve this role by attempting to 
provide new fundamental insight into the ionization dynamics.
The scattering aspect of photoionization is also relevant to the study of 
chemical reactions. This is apparent if a chemical reaction is viewed as a 
molecular scattering process involving interplay of rovibronic modes. The 
understanding of chemical reactions at their most fundamental level then requires 
that effects of vibration, rotation, alignment, etc. on the scattering process be 
explored. In fact, this is an important theme in the study of molecular physics — 
a microscopic insight into scattering dynamics requires experimental probes of its 
molecular aspects. As explained above, highly resolved photoionization data lend 
themselves to this task in a simple manner.
Lastly, there are several ongoing efforts to employ dynamical features 
observed in molecular photoionization, such as shape resonances, as an analytical 
tool in materials and surface science [19-23]. However, to put such efforts on a
5firm footing with predictive capabilities, it is essential that we have a detailed 
understanding of aspects of molecular behavior affecting the dynamics of the 
process and our studies, particularly of polyatomic shape resonances, are geared 
towards achieving this goal.
The preceding discussion emphasizes that a microscopic understanding of 
molecular photoionization plays a prominent role in the study of molecular 
physics, and this level of understanding requires high resolution probes to explore 
effects of molecular aspects on the process, i.e. vibration, rotation, alignment, etc. 
This is the primary motivation for the work presented in this dissertation. A 
significant portion of the present work focuses on characterizing the role of 
molecular geometry in ionization dynamics. Vibrationally resolved 
photoionization data provide a powerful tool for this purpose as they directly 
probe correlations between the electronic and the nuclear motions during the 
ionization process by sampling alternative internuclear configurations for identical 
photoelectron energies. However, since these two motions have vastly different 
time scales, they can be, in general, considered uncorrelated. This is the basis of 
the Franck-Condon approximation in molecular ionization [24] and it implies that 
the ionization dynamics of molecules is unaffected by changes in the internuclear 
configuration. However, there are exceptions to this simple Franck-Condon 
picture of photoionization, the most important of these being the presence of a 
resonance in the ionization channel of interest [1-8,14-17]. Frequently, these 
resonances amplify the aforementioned correlations by trapping the outgoing 
electron in a quasibound state [1-8] localized within the molecular dimensions. 
The trapped electron is scattered many times inside the ionic core before its 
eventual escape to the continuum by exchange of energy with the core, as in an 
autoionization [1,2,14-17], or by tunneling, as in a shape resonance [1]. 
Consequently, vibrational branching ratios and photoelectron angular
6distributions in the vicinity of a resonance frequently depend on the vibrational 
state of the residual ion [1-8,12-17] which is contrary to the Franck-Condon 
expectation.
Although the study of molecular autoionization is interesting in its own 
right, in this study we have chosen to concentrate on the second class of 
resonances referred to above — shape resonances. This is because, unlike 
autoionization, their origin is simply understood in terms of a single channel 
picture [1-8,14,25], and yet their effects on the molecular ionization dynamics are 
profound so as to justify this attention [1-8]. The dominant role of shape 
resonances in the study of molecular ionization is evident from the fact that they 
have been observed in almost all small molecules except for hydrides [1]. As 
already mentioned, shape resonances are quasibound states in which the outgoing 
photoelectron is trapped inside the ionic core by a potential barrier and 
eventually escapes into the continuum by tunneling through this barrier. An 
important feature of shape resonant photoionization is that the potential barrier 
trapping the photoelectron is extremely sensitive to changes in the molecular 
geometry and therefore, the spectral response of a shape resonance depends 
strongly on the vibrational state of the ion [25]. Thus, a microscopic 
understanding of molecular ionization dynamics requires that its shape resonant 
character be mapped as a function of the internuclear configuration. The utility 
of obtaining vibrationally resolved data for this purpose is then self-evident.
Our vibrationally resolved efforts are directed at two diverse problems 
related to shape resonant photoionization. The first study aims at characterizing 
shape resonances in polyatomic molecules with vibrational resolution and we 
present results for shape resonant photoionization of SiF4 and CS2. These studies 
along with a few earlier studies on N20  [26-28] are the only vibrationally resolved 
studies of polyatomic shape resonances reported to date. This is especially
7unfortunate since our excellent understanding of shape resonances in the diatomic 
case stems from the tremendous experimental as well as theoretical effort that 
was directed to obtain vibrationally resolved data necessary to characterize these 
features [25,29,30]. Obviously, there is a need for similar studies of polyatomic 
molecules, and our study represents the beginning of such efforts. The present 
data reflect the diverse character of polyatomic shape resonances and provide 
valuable insight into the nature of polyatomic shape resonances wavefunctions by 
addressing the issue of their spatial localization. Moreover, these results have an 
important bearing on several studies in surface and materials science that have 
attempted to use shape resonances as a structural probe [19-23].
The second shape resonance related problem addressed in this dissertation is 
the understanding of shape resonant photoionization dynamics beyond the 
independent particle model. Until recently, most theoretical development aimed 
towards understanding shape resonances has neglected electron correlations 
[7,12-14], As a result, such treatments are unable to predict if shape resonances 
can exhibit multichannel effects. However, there have been studies, albeit few, 
that consider electron correlations [31,33,34], and these indicate that shape 
resonances can indeed transfer oscillator strength from their parent ionization 
channel to alternative continuum channels. Unfortunately, our understanding of 
this multichannel facet of shape resonant behavior is far from complete as glaring 
qualitative and quantitative discrepancies exist between the theory and 
experiment [33-36]. It is for this reason that this study strives to find an 
unambiguous experimental imprint of shape resonance mediated continuum- 
continuum coupling. In particular, we probe the 2uu' 1 and 4 a '1 photoionization of 
isoelectronic systems of N2 and CO, respectively, with vibrational resolution and 
we find trends that strongly suggest the presence of such effects. Clearly this
8issue needs attention as interchannel coupling can result in a much broader role 
for shape resonances in molecular photoionization than supposed so far.
The final phase of this dissertation deals with effects of the multicenter 
aspect of the molecular field on the rotational motion of photoions. To probe 
these, we obtain rotationally resolved data for 2cru_1 photoionization of N2 over a 
broad excitation energy range. The data are obtained for photoelectron energies 
as high as 15 eV, and are the only set of rotationally resolved photoionization 
data over such an extended spectral range above the ionization potential. Almost 
all rotationally resolved studies of molecular photoionization have so far depended 
on laser excitation coupled photoelectron measurements and these offer limited 
tunability and resolution in the energy range of interest, i.e. the vacuum 
ultraviolet region of the spectrum [37-44]. As a result, these studies have been 
constrained to probing near-threshold features and are unable to explore the 
dynamical richness of molecular ionization continua. The present study 
overcomes this constraint and we obtain rotationally resolved data that are an 
extremely sensitive probe of ionization dynamics as they contain information on 
the partitioning of the angular momentum between the photoelectron and 
photoion. This partitioning of angular momentum depends intimately on the 
interactions between the outgoing photoelectron and ionic field. Furthermore, it 
is possible to probe the partial wave composition of the photoelectron by 
monitoring ionic angular momenta. This can be particularly useful for identifying 
and characterizing resonances since photoelectron partial waves are strongly 
modulated in the vicinity of a resonance [11]. Our data reflect on these issues and 
enable new experiments to probe molecular ionization.
These studies demonstrate the utility of dispersed fluorescence from the 
excited photoions as a high resolution probe to obtain information on the 
molecular aspects of ionization dynamics. This is in contrast to conventional
9experimental techniques that depend on detecting photoelectrons as a function of 
their kinetic energy [9]. The resolution offered by such experiments depends 
critically on the photoelectron kinetic energy and degrades rapidly for energies 
exceeding few tenths of an electron volt [9,45]. Moreover, the lower limit for the 
resolution of such experiments is set by the bandpass of the exciting radiation 
[6,45]. This is unfortunate as the only source of excitation that provides 
tunability in the energy range of interest is synchrotron radiation [18], which has 
a broad bandpass when operated in a high flux mode for the study of low density 
gas samples. As a result of these constraints, photoelectron techniques have 
limited use as high resolution probes of dynamical features that lie even few 
electron-volts above the ionization threshold. The experimental technique 
presented in this dissertation circumvents this problem by measuring dispersed 
fluorescence from photoions to obtain vibrationally and rotationally resolved 
data. This method decouples the detection bandwidth from excitation channel 
and hence, enables collection of such data over a wide spectral range. The 
detailed discussion to follow, of the issues mentioned above, will make clear the 
immense potential of this technique as a probe of resonant molecular ionization 
dynamics.
1.3 Outline of Approach
Chapter 2 reviews the present state of understanding of the role of the 
vibrational motion in molecular photoionization. The discussion focuses on the 
Franck-Condon approximation in molecular photoionization, and sets the stage 
for experimental methodology to probe correlations between the electronic and 
nuclear motions. Shape resonances are discussed in detail, and problems needing 
attention are pointed out.
10
Chapter 3 gives a detailed account of the experiment. The basis of the 
experimental methodology is discussed, and hardware issues of critical importance 
are presented. The method of data acquisition and data analysis are explained. 
Where appropriate, comparisons are made with other contemporary techniques.
Chapter 4 presents and discusses the scientific data obtained to address 
issues raised in chapter 2. Section 4.1 deals with the study of shape resonances in 
polyatomic molecules. Vibrationally resolved data for the 5aj_1 and 5<7U_1 
photoionization of SiF4 and CS2 are presented. Implications of these studies with 
respect to applications of shape resonances in surface science are discussed. 
Section 4.2 presents vibrationally resolved data for 2an~l and 4a '1 photoionization 
of the isoelectronic systems N2 and CO, respectively, and discusses the 
multichannel aspect of the role of shape resonances. Comparisons are made for 
the two systems studied. Section 4.3 deals with the rotationally resolved study of 
2<7u"1 photoionization of N2. Non-resonant as well as resonant aspects of this 
data are presented to obtain an insight into the mode of partitioning of angular 
momentum between the photoelectron and photoion.
Chapter 5 summarizes accomplishments of this experimental effort and 
directions for future progress are suggested.
2. BACKGROUND AND REVIEW OF LITERATURE:
VIBRATIONALLY RESOLVED STUDIES OF MOLECULAR 
PHOTOIONIZATION DYNAMICS
2.1 The Franck—Condon Approximation
The electronic mass is small compared to the nuclear mass. This leads to 
vastly different time scales for electronic ( A 1 0 ' 16 s) and nuclear ( A t « 10‘13 s) 
motions in molecules [24,46]. As a result, the internuclear configuration stays 
about the same during an electronic transition. This is illustrated in Fig. 2.1.1 
which shows the potential energy curves of two electronic states of a diatomic
E
v’ = 6
i f  =■ 2
v ~
„• = 0
v = 6
5
v =  4 
v = 3
u =  2 
u=> 1 
v =  0
Fig. 2.1.1 The Franck-Condon approximation: An electronic transition is
represented by a vertical line of constant R.
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molecule along with their associated vibrational levels. In this figure, an 
electronic transition is represented by a vertical line of constant R. This is the 
essence of the Franck-Condon approximation and it implies that the electronic 
degrees of freedom of a molecule are uncoupled from nuclear modes of vibration 
during an electronic excitation [24,46].
The implications of the Franck-Condon approximation in molecular 
photoionization are readily made apparent by finding an expression for the 
transition matrix element D of the electric dipole operator p governing the 
transition from the initial electronic bound state tj> to the final electronic 
continuum state e
d  =  J ar  / d r  <«M) Xi(*)  p f M )  * f(«)  2 1 1
where,
Xi is the initial state vibrational wavefunction for the neutral molecule
Xf is the final state vibrational wavefunction for the photoion
J  dr denotes integration over all coordinates of electrons
For diatomic molecules, R ^n d  R 2 are the position vectors of the two nuclei,
R  = R t ~ R 2, and J "dR  denotes integration over all nuclear coordinates.
For the sake of simplicity, we consider diatomic molecules only. The
treatment can be easily extended to polyatomic molecules.
The total electric dipole moment p is the sum of the nuclear dipole moment pnuc
and the electronic dipole moment pelec
with
P Pnuc Pelec
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Pnuc — e
a l l .  . n u c l e i
and
Pelec ® r i 
, a l  1
I
l l  e le c  trons
Here
e is the electronic charge
rLi is the atomic number of the ith nuclei with position vector R i 
is the position vector for the ith electron
Note that pnuc depends only on the nuclear coordinates while pelec is a function 
only of the electronic coordinates. Since electronic wave functions <j>(i,R) and 
e(r,f?) are orthogonal
f d R  f d i  <j)(x,R) Xi(R) Pnuc Xi(R )
f d R  Xi(R) Pnuc Xf{R) f  dr </>{*,R) e(r,R) = 0
and Eq. 2.1.1 reduces to
n  = f d R  f  dr <j>{x,R) Xi(R) Peiec e(r,f2) X{{R)
= f d R  Xi{R) Xf{R) / d r  4{i,R) Pelec € ( T’R ) 2 1 2
According to the Franck-Condon principle, R  in the second integral of Eq. 2.1.2 
may be replaced by an average value Re that depends on the spatial extent of the
initial state vibrational wavefunction ■ Thus
D  =  D elec / d R  X i ( R )  x M  2 .1 .3
where
D elec =  / dr Pel ec e M e )  2.1.4
is the electronic transition moment which depends on the incident photon energy 
(or alternatively, the photoelectron kinetic energy) through the final state 
continuum wavefunction e. The vibrationally resolved cross section a for 
photoionization is equal, apart from a constant, to the square of the matrix 
element D of the total electric dipole operator p
O ~  fiif l-^elec |2 2.1.5
where
fiif =  ( f d R  Xi(R)  Xf(fl)] 2.1.6
is the Franck-Condon factor. Note that the dependence of a on the excitation 
energy is contained entirely in the electronic dipole transition moment. The 
vibrationally resolved branching ratio, i.e. the ratio of cross sections for 
photoionization from the same initial bound state to alternative vibrational levels of 
the same final electronic state of the photoion, is then given by
^if _  fiif 2.1.7
<rif' “  qif'
which is independent o f the excitation energy. This result is a direct consequence 
of the Franck-Condon approximation, and suggests a simple experimental
15
strategy to check its validity — vibrationally resolved branching ratios can be 
measured at alternative excitation energies, and any variation in these ratios 
would then indicate a coupling between the electronic and nuclear motions.
The Franck-Condon approximation provides an excellent picture of the 
ionization dynamics when there are no resonances in the ionization continuum. 
However, significant exceptions to this simple picture can arise if ionization 
proceeds via formation of a resonant complex. The key feature of such a resonant 
complex is that the photoelectron is trapped inside the ionic core and has 
sufficient time to interact effectively with its nuclear modes before escaping into 
the continuum. It is clear that such resonant mechanisms can cause non-Franck- 
Condon effects in molecular photoionization. Quantitatively, the separation of 
the electronic and nuclear degrees of freedom in Eq. 2.1.2 leading to Eq. 2.1.3 is 
no longer valid and, as a result, vibrational branching ratios at resonance energies 
can often deviate significantly from their non-resonant values. This Franck- 
Condon breakdown can serve as a probe for correlations between the electronic 
and nuclear degrees of freedom, and can help identify and characterize resonances 
in molecular photoionization. This approach has been widely used in the study of 
shape resonances [see e.g., refs. 6, 25-30,47,48]. Shape resonances induce strong 
coupling between electronic and nuclear modes, and the next section provides a 
review of our present understanding of their role in molecular photoionization 
dynamics.
2.2 Shape Resonances
Shape resonances have been observed in photoionization spectra of a large 
and diverse collection of molecules [1], and they play a central role in molecular 
photoionization dynamics [1-8,10,12-14,25-36,47,48,55-61]. They are easily 
observed as they are intense spectral features that derive, and hence suppress,
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their oscillator strength from the nearby continuum and/or Rydberg states [1]. 
Besides enhancing the photoionization cross section, they result in photoelectron 
angular distributions and vibrational branching ratios that depend on the 
vibrational state of the ion [25]. These non-Franck-Condon effects are observed 
over an energy range that is much larger than the shape resonance width 
[25,29,30]. Manifestations of shape resonances are relatively simple to understand 
as these features are treated within the framework of the independent particle 
model [7,12-14]. This simplicity is responsible for the tremendous interest, 
theoretical as well as experimental, that has been focused towards understanding 
the role of shape resonances in molecular photoionization since they were first 
discovered in photoabsorption studies of sulfur K -  and L-shells in SF6 more than 
two decades ago [49-51].
To grasp the physics underlying shape resonant photoionization, it is useful 
to treat shape resonances in terms of a single channel, barrier penetration model 
[1]. Fig. 2.1.2 shows a one-dimensional abstraction [1,52] of the effective local 
potential [53-56] experienced by the photoelectron as it traverses molecular 
dimensions and escapes. This potential has three prominent features localized in 
distinct regions of space. There is an inner well that arises due to strong 
attractive forces between the photoelectron and the partially screened nuclei. 
The spatial extent of this highly anisotropic well extends over almost entire 
molecular charge distribution. An asymptotic outer well with a Coulomb-like tail 
exists at large distances where the photoelectron is unable to "see" the anisotropy 
of the molecular charge distribution due to effective screening of the nuclei and 
feels only the field of an unit positive charge. The inner and the outer well are 
separated by a repulsive potential barrier at intermediate distances. This 
potential barrier may arise either due to a repulsive centrifugal potential (~ r"2) 
[54,55], or due to an electrostatic repulsion arising from the high density of
17
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Fig. 2.1.2 Effective potential seen by the photoelectron as it leaves the ion 
(reproduced from ref. 1).
negative charge at the atomic sites on the periphery of the molecular ion [56]. 
The attractive and repulsive forces acting on the photoelectron compete with each 
other and are dominant in different regions of space. At small and large 
distances, attractive forces are stronger, but at intermediate distances, of the 
order of molecular dimensions, repulsive forces are able to overcome this 
attraction resulting in a potential barrier that is localized on the periphery of the 
ionic core. It should be noted that although the centrifugal barrier is the one that
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is most well documented in molecular photoionization, there can be repulsive 
potentials of other origins, and this discussion is still valid if their net effect is to 
produce potential barriers, such as the one discussed above.
It is possible to gain qualitative insights into the dynamics of the 
photoelectron by examining the behavior of its wavefunction as a function of its 
kinetic energy. The outgoing electron can be trapped by the inner well in a 
bound state for one or more discrete values of its kinetic energy. At energies not 
equal to this resonance energy, the photoelectron wavefunction is still rising when 
it penetrates the inner wall of the classically forbidden barrier and, as a result, 
emerges into the outer well with much larger amplitude than in the inner well. 
This is illustrated in the lower frame of Fig. 2.1.2 and it simply implies that at 
non-resonant energies the wavefunction of the electron is an eigenfunction of the 
outer well. However, at the resonance energy the photoelectron wavefunction is 
decaying exponentially as it penetrates the inner wall of the barrier and shows a 
monotonic decrease until it emerges into the outer well with much diminished but 
finite amplitude. The electron is therefore trapped in the inner well but 
eventually tunnels through the potential barrier into the continuum. As a result, 
the resonant state supported by the inner well is a quasibound state. Such 
quasibound states are called shape resonances; the name is derived from the fact 
that their origin depends on the shape of the potential.
To explain key features of shape resonant photoionization, it is useful to 
discuss the results of the multiple scattering model [12,13] calculations [57] for the 
well-known ecru shape resonance in the photoionization of N2 [13,25,29,30,55, 
57-61]. This is one of the thoroughly characterized prototype shape resonances in 
molecular photoionization, and therefore is ideally suited for the purpose of 
gaining insight into shape resonances. This resonance occurs at about 1.2 Ry 
above the ionization threshold in the eau photoionization channel of N2 [29,30,55,
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N2 cru, 0.9Ry, 1=3
N2 ctui 1.2Ry, 1=3
Fig. 2.1.3 Results of the multiple scattering model calculations for the €<TU 
photoionization channel of N 2 (reproduced from reference [57]). The figure 
shows a contour plot of the I =  3 partial wave at non—resonant energy (top 
frame) and at the shape resonance energy (bottom frame). The wavefunction is 
strongly enhanced in molecular dimensions at the resonance.
N2 ctu , 0.9Ry, 1=1
N2 cjui 1.2Ry, 1=1
Q.
Fig. 2.1.4 Results of the multiple scattering model calculations for the 6 (Tu 
photoionization channel of N 2 (reproduced from reference [57]). The figure 
shows a contour plot of the Z =  1 partial wave at non—resonant energy (top 
frame) and at the shape resonance energy (bottom frame). Note that this partial 
wave has similar behavior at non—resonant and resonant energies.
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57-61]. The only significant contribution to the oscillator strength in this channel 
comes from the I =  1 and I = 3 partial waves; even partial waves are not allowed 
due to the ungerade symmetry of the continuum wavefunction and higher odd 
values of I do not contribute for the photoelectron kinetic energies (~ 1 Ry) 
considered here. Fig. 2.1.3 shows the contour plot of the I =  3 partial wave of the 
continuum wavefunction at non-resonant energy (top frame) and at resonance 
energy (bottom frame) [57]. The striking feature in this figure is the large 
amplitude of the wavefunction in the molecular interior at the shape resonance 
energy compared to the non-resonant case where it is very much diminished in 
that region. This is because the shape resonant electron is confined within the 
inner well of Fig. 2.1.2 enclosing the molecular charge distribution, whereas at 
non-resonant energies the wavefunction is an eigenfunction of the outer well and 
hence, has negligible amplitude inside the molecular core. Since shape resonant 
continuum wavefunction is localized in the same region as the initial bound state 
of the photoionization, there is a strong enhancement in the photoionization cross 
section at the resonance energy. Fig. 2.1.4 shows a similar contour plot of the 
1= 1 partial wave of the continuum wavefunction at the same two energies [57]. 
The resonant enhancement of the wavefunction in the molecular core that is 
visible in the I =  3 case is absent here, and there is no significant difference 
between the resonant and non-resonant picture. This demonstrates that only 
particular values of I in the partial wave composition of the free electron 
contribute to the effective potential barrier to the electron motion.
Further, Fig. 2.1.5 shows the results of the multiple scattering model 
calculations [1] for the itT—shell photoionization of N2 when the molecular axis is 
fixed in space and the incident photon polarization is along the molecular axis; 
this photoionization results in a final states [24]. The cross section for the eau 
channel is plotted as a function of the photoelectron kinetic energy and angle of
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Fig. 2.1.5 Results of the multiple scattering model calculations for the K—shell 
shape resonant photoionization of N j (reproduced from reference [1]). This 
calculation has the orientation of molecules fixed along the polarization of the 
incident photon. The photoionization cross section is shown as a function of 
the photoelectron kinetic energy as well as its angle of ejection relative to the 
molecular axis. The shape resonant enhancement of the cross section depends on 
the angle of ejection. Also, note the f—wave character of the cross section.
ejection relative to the molecular axis. The enhancement in the cross section is 
clearly visible at the resonance energy. However, the extent of the trapping 
depends on the direction of the photoelectron ejection, a result that is expected as 
the molecular field is highly anisotropic. Moreover, the angular distribution of 
photoelectrons at the resonance energy is markedly different from the non­
resonant case. This modulation of the photoelectron angular distribution at the 
resonance energy is explained by referring to Fig. 2.1.2 and noting that the 
antinode in the continuum wavefunction that was not supported in the inner well 
at non-resonant energies penetrates through the barrier into the inner well at the 
resonance energy. This induces a rapid asymptotic phase shift of ~7r radians in
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the continuum wavefunction across the resonance energy, thereby changing the 
photoelectron angular distribution. Also, Fig. 2.1.5 implies four nodes for the 
shape resonant wavefunction, which reflects its f-nature (I = 3). Thus, the 
concept of centrifugal barrier is not merely a theoretical construct and has a 
physical meaning.
The position, width, and intensity of a shape resonance depends on the 
internuclear configuration as the balance between the attractive and repulsive 
forces on the outgoing photoelectron is very sensitive to the molecular geometry 
[25]. Slight changes in the molecular geometry can shift this balance radically, 
thereby altering the potential barrier that traps the photoelectron. This 
sensitivity of shape resonances to internuclear configuration was first predicted by 
the multiple scattering model calculations for 3£rg-» eeru photoionization of N2 
[25]. This channel accesses the same cru shape resonance that is discussed above,
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Fig. 2.1.6 Results of the fixed—R  multiple scattering model calculations for the 
shape resonant cross section for 30^"* photoionization N 2 (reproduced from 
reference [25]). The solid curve represents the vibrationally unresolved cross 
section obtained by averaging over all values of R  (dashed curves).
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and appears at about 14 eV above the threshold. To glean some insights, it is 
useful to briefly summarize results of this study [25]. Fig. 2.1 .6  shows 
theoretically computed cross sections for the shape resonant photoionization 
3crg-* eau [25]. These cross sections are calculated for fixed values of internuclear 
distance R  over the range 1.824ao < R  < 2.324ao. This range of R  spans the N 2 
ground state vibrational wavefunction. As R  decreases, the shape resonance 
position shifts to higher kinetic energies and the resonance becomes weaker and 
broader. This is explained by theoretical calculations [25] which show that for 
lower values of R  the effective potential experienced by the photoelectron 
becomes more repulsive. Thus, the trapping of the shape resonant electron is 
weaker and it needs less energy to climb the barrier, thereby shifting the 
resonance position to a higher kinetic energy. Also, since the resonant state is 
weakly bound, it is short-lived and is spread over a wide energy range.
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Fig. 2.1.7 Results of the fixed—R  multiple scattering model calculation for the 
vibrationally resolved shape resonant cross section for the 3<Tg_1 photoionization 
of N 2 from reference [25]. The cross section depends on the final ionic 
vibrational state.
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(5 -  10 eV, typically). The solid curve in the figure is the cross section averaged 
over all values of R, and closely corresponds to the vibrationally unresolved cross 
section.
Fig. 2.1.7 shows the effect of the final vibrational state of the ion on the 
shape resonance [25]. Since the levels v{ =  1 and =  2 successively sample lower 
values of R  depending on their maximum overlap with the ground state 
vibrational wavefunction of the neutral molecule, the resonance energy is shifted 
to lower kinetic energies. This leads to non-constant vibrational branching ratio 
profiles (the ratio of any two curves in Fig. 2.1.7) as a function of incident photon 
energy. This non-Franck-Condon behavior of the vibrational branching ratios 
comes as no surprise since we have already seen that shape resonances couple 
electronic and nuclear degrees of freedom. This theoretical prediction was 
subsequently verified experimentally by West et al [29], and their results are
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Fig. 2.1.8 Franck-Condon breakdown in StTg’1 photoionization of N2:
vibrational branching ratios vary strongly with the excitation energy. 
Experimental (error bars) and theoretical (dashed line) results are from 
references [29] and [58], respectively.
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shown in Fig. 2.1.8. along with the results of a more accurate Hartree-Fock 
calculation [58].
The prototype vibrationally resolved study of the shape resonant eau 
photoionization of N2 motivated a tremendous amount of theoretical and 
experimental effort to obtain vibrationally resolved photoionization data for 
numerous other diatomic molecules. Such vibrationally resolved data have helped 
in complete characterization of the role of shape resonances in photoionization of 
diatomic molecules and our understanding of the microscopic aspects of these 
features is indeed very sophisticated. However, there have not been many 
vibrationally resolved studies of shape resonances in the photoionization of 
polyatomic molecules, and their behavior needs to be charted. This is a primary 
goal of the present work. Furthermore, our understanding of shape resonances, 
even in diatomic systems, is based at an independent particle approximation 
level, and multichannel aspects of shape resonant photoionization still remain 
unclear. For this reason, this dissertation also concentrates on investigating these 
many-body effects. We will use the Franck-Condon breakdown as an 
experimental probe of these resonance effects. However, a note of caution is in 
order before concluding this section. It must be noted that there are causes, such 
as broad autoionizing states [47,48] and Cooper minima [62], that cause 
non-Franck-Condon behavior of the vibrational branching ratio, and care must 
be taken not to assign these to shape resonances. In fact, one of the earliest 
investigations into the Str'1 shape resonance in photoionization of CO mistakenly 
identified a broad autoionization structure as the shape resonant feature [63]. 
This was pointed out by calculations [47], and corrected in a more recent work 
[48]. This shows that a strong theoretical support is critical for clear and 
unambiguous interpretation of features observed in photoionization spectra.
3. EXPERIMENTAL METHODOLOGY
3.1 Experimental Philosophy
In the previous chapter, it is suggested that probing the breakdown of the 
Franck-Condon approximation in molecular photoionization is useful for 
characterizing resonant features that induce coupling between the electronic and 
nuclear degrees of freedom during photoionization. We saw that this non- 
Franck-Condon behavior results in vibrational branching ratios that change with 
the incident photon energy, a result which is expected as vibrationally resolved 
photoionization data probe alternative vibrational states sampling different 
internuclear geometries. In this chapter, we give a detailed description of a 
method that enables us to obtain the vibrational and, in some cases, the 
rotational resolution in the experimental study of molecular photoionization. 
This method is used to obtain highly resolved photoionization data for various 
molecular systems. The next chapter presents these data and clearly illustrates 
their utility for probing molecular aspects of ionization dynamics.
Any experimental scheme striving towards highly resolved study of 
molecular photoionization dynamics must meet three requirements. First, it is 
necessary to tune the incident photon energy over a broad spectral range in the 
ionization continua in order to probe and characterize the resonant features. 
Second, due to dilute nature of the gaseous target, the excitation source should 
supply a high incident photon flux to obtain reasonable signal levels. Third, the 
resolution should be able to access information at the vibrational (or rotational) 
level of detail. It turns out that it is the first requirement that dictates the 
experimental methodology and all other considerations have to adapt to it. This 
is because molecules typically have ionization potentials (I.P.) of 15 -  10 eV. 
Moreover, shape resonance widths are of the order of 10 eV. Consequently, an
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excitation source tunable in the vacuum ultraviolet (VUV) region of the spectrum 
is required to study molecular photoionization. This condition is met exclusively 
by synchrotron radiation [18]. Although lasers can also be used, their utility is 
severely hindered by constraints on their energy range and tunability, and our 
choice for the source of incident photons is primarily limited to synchrotron 
radiation. There are several constraints that this choice imposes. The most 
critical of these is the inability of synchrotron radiation sources to simultaneously 
provide a narrow bandpass and a high flux of incident photons. In fact, these two 
modes of operation are quite complementary and one has to operate with broad 
bandpass excitation radiation (A E exc ~ 100 meV) to meet the second requirement 
outlined above. Moreover, this bandpass increases with the energy of the incident 
radiation [18,64]. Since most molecules have vibrational spacings A E vib ~ 10 
-  1000 meV (and rotational spacings are even smaller, AErot ~ 0.1 -  1 meV) [65], 
this has a serious bearing on the experimental scheme. One can then often not 
use conventional photoelectron spectroscopy to obtain high resolution data, 
because such techniques rely on detecting photoelectrons as a function of their 
kinetic energy. A typical vibrationally resolved photoelectron spectrum consists 
of narrow peaks corresponding to alternative vibrational levels of the photoion 
(Ekin= Eexc-  I.P., and the I.P. depends on the vibrational energy of the 
photoion) and these peaks are separated by energies ~ A E vib. However, the 
bandpass of the exciting radiation reflected as uncertainty in the photoelectron 
kinetic energy is sufficient to wash out this vibrational structure. In fact, it is the 
excitation bandwidth that often sets the lower limit to the resolution of 
photoelectron spectroscopy. Clearly, there is a need for an alternative technique 
that would decouple the excitation bandwidth from the detection channel, 
thereby enabling the potential of the tunable synchrotron radiation to be 
exploited fully. We accomplish this by measuring dispersed fluorescence from
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excited photoions. To explain this method, we consider the 2au'{ photoionization 
of N2 as an example. This is an appropriate choice for this purpose as we have 
obtained not only the vibrational but also the rotational resolution in this case, 
thereby highlighting the potential of dispersed fluorescence as a high resolution 
probe of molecular photoionization. The excitation and decay sequence for this 
study is summarized in Eq. 3.1.1 and is illustrated in Fig. 3.1.1.
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Fig. 3.1.1 Experimental methodology
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N2[X»Eg>  =  0] +  h ^  — * N2+[B2£u+, r ]  + e“
I
N2+[X2£g> " ]  +  h ur y / /  3.1.1
Here v, V  and v ' ' are the vibrational quantum numbers for the neutral molecule, 
the excited ion and the ground state ion, respectively. N2 molecules in the ground 
state (X*E =  0) are photoionized to an excited electronic ionic state (B2EU+),
o
and within this electronically excited manifold photoions are distributed among 
vibrational levels v ' . The excited photoions eventually decay to the ionic ground 
state (X2E , v ' ')  by emitting a fluorescence photon. The intensity I..,..,, of the
o  U U
fluorescence transition originating from a vibrational level v' is proportional to 
the number of ions in that vibrational level and therefore proportional to the 
partial photoionization cross section a for the level v ' . Thus, by monitoring 
the intensity of a fluorescence transition as a function of the excitation energy, an 
excitation or a constant ionic state (CIS) spectrum for the parent vibrational level 
v' is generated. A ratio of two such spectra for alternative vibrational levels 
yields the corresponding vibrational branching ratio as a function of the incident 
photon energy. Note that the measurement of the fluorescence intensity is not 
affected by the bandwidth of the exciting radiation.
The above discussion is easily put in quantitative terms. Let,
=  number density of N2 molecules in (X1Eg+,t;) state
N , =  number density of N2* ions in (B2Eu*,v') state
=  number of incident photons per unit area per unit time
I =  average distance that the incident photon travels before being
absorbed (i.e. the interaction length).
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A , =  Einstein A coefficient for the spontaneous emission from
N2+( B V , r ) t o  N2+(X2Eg> " )
I , ,  =  intensity of the fluorescence transition from N2+(B2Eu+,fl')
to N2+(X2Sg+,v " )  
uv, , =  frequency of the fluorescence transition from
N2*(B2V ,»')to  Ni‘(x V .»")
The number of
N2[X‘S > ]  +  +  e-
transitions taking place per unit time is [24]
R , =  o ,-N  -R -I 3.1.2vv VV V p
The total number of N ^fB 2^ *,?/'] ions formed per unit time is obtained by 
summing over all possible values of the vibrational quantum number v of the 
ground state molecule
XR . =  R ■ I' ^  o , •.. , — - — - ‘N 3.1.3vv p VV' V
These ions decay spontaneously via fluorescence. The rate at which the
n 2[b2s u> ']  — * N2*[X2SgV ' ]  + h v » "
decay proceeds is [24]
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»  =  N  • AV'V'' V' V 'V'' 3.1.4
The total decay rate of excited ions is obtained by summing over all possible 
values of the vibrational quantum number v ' ' of the final ionic state
— v 'v v' —  V'V' 3.1.5
At equilibrium
I r■“  VV' , ,  V' V' ' V V
Substituting Eqs. 3.1.4 and 3.1.5 into the above expression, we obtain
N N„ N , • A , , ,
V W V V V VV V
3.1.6
At room temperature, most N2 molecules are in the ground vibrational state [65] 
and the sum on the left-hand side of the Eq. 3.1.6 has negligible contributions 
from v i  0. Therefore
^ v ' ^ i ^ v ' v " 3.1.7
Substituting for N , from Eq. 3.1.7 in Eq. 3.1.4 yields
^v'v"  ^ p '^ av''^v I a  |~  V' V  '
-1
• K ’ v  3 L 8
where, for the sake of brevity, we denote a n and N ~ by a . and N’ J 1 v=u,v v=0 J v v
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respectively. The intensity I , , ,  of the fluorescence transition is equal to
Quantum electrodynamics supplies the expression for the Einstein coefficient A
Here | D |2 is the matrix element of the total electric dipole operator governing the 
emission process. Since this obeys the Franck-Condon approximation, we can use 
Eq. 2.1.3 to substitute for | D | 2 and obtain an expression for the vibrational 
branching ratio
This expression explicitly shows that, apart for a constant factor, the vibrational 
branching ratio is equal to the ratio of intensities of fluorescence transitions 
originating from respective excited ionic state vibrational levels.
The above treatment demonstrates the utility of dispersed fluorescence to 
generate the desired vibrational branching ratios. However, there are differences 
between these two techniques, and it is important to appreciate their strengths 
and limitations. Fluorescence measurements offer following advantages:
Rv' v ' '
X A -1 AV '  V '  ' 3.1.9
which leads to
3.1.10
[24]
3.1.11
3
3.1.12
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• The resolution of the technique depends only on the bandpass of the 
optical system (primarily, an optical monochromator) used to disperse 
the fluorescence and is unaffected by the bandpass of the exciting 
radiation. This is the most crucial advantage of this technique over 
synchrotron radiation based photoelectron spectroscopy, and enables us 
to obtain highly resolved photoionization data. In principle, our 
resolution is limited only by the signal levels, as the resolving power of 
the fluorescence monochromator can be increased by closing down its 
slits.
« Even if it were possible to obtain narrow-band high flux synchrotron 
radiation, the resolution of photoelectron spectroscopy would be limited 
by measurements in the detection channel. In general, higher 
photoelectron kinetic energies degrade the resolving power of the 
photoelectron detection system [9,45]. As a result, high resolution 
photoelectron studies are limited to studying near-threshold features of 
photoionization. On the other hand, dispersed fluorescence can provide 
vibrational as well as rotational resolution over many electron-volts 
above the ionization threshold.
• Fluorescence experiments are easier to perform as ambient electro­
magnetic fields do not affect the fluorescence photon detection. In 
contrast, in photoelectron spectroscopy it is essential to shield the 
experimental region from these fields. This advantage is especially useful 
for studying near-threshold photoionization; in such studies 
photoelectrons have low kinetic energies and are easily affected by the 
presence of external fields. In a related context, fluorescence detection 
can be useful in studies involving external fields which may degrade or 
preclude photoelectron detection [66].
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• In general, optical systems used to detect fluorescence have collection 
efficiencies that are almost one order of magnitude higher than those of 
high resolution electron spectrometers. Moreover, it is possible to use 
higher sample densities in fluorescence measurements, provided secondary 
processes such as the electron-impact ionization are not occurring. 
Electron spectroscopy measurements are hindered by high sample 
densities which may result in photoelectron scattering. These advantages 
translate into higher signal to noise ratio and permit studies of weak 
ionization channels.
Although these points present a strong case for fluorescence-based techniques, 
there are drawbacks which make photoelectron spectroscopy preferable. The 
most important of these are:
• Fluorescence measurements are limited to excited states that decay 
radiatively. This precludes studies of ground state ions. It also precludes 
excited ions that decay via fragmentation, very often a dominant decay 
pathway [67,68]. This limits the number of samples that can be studied 
using fluorescence measurements.
a The choice of samples is further limited when there are overlapping 
fluorescence transitions in the wavelength range of interest. The 
multiplicity of such transitions in a narrow wavelength band may 
preclude their resolution and it may not be possible to determine the 
parent vibrational level of the detected fluorescence photons.
a Fluorescence measurements do not differentiate between excited ions 
formed due to photoionization of neutral molecules in the ground 
vibrational state and those from the excited vibrational states (i.e. the
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hot bands). The fluorescence transition has the same wavelength in both 
cases. In contrast, photoelectron spectroscopy is able to differentiate 
between the two cases as photoelectrons have different kinetic energies for 
different initial states of the target molecule.
» It is possible that the excited ionic state being probed is also populated 
by cascading from higher-lying excited states of the ion. Such cascading 
has no affect on photoelectron measurements. On the other hand, 
fluorescence measurements are clearly affected by such processes.
8 In addition to the radiative decay, the excited ionic state may be 
depopulated by predissociation. Predissociation can be excitation energy 
dependent and, as a result, the vibrational branching ratios obtained by 
fluorescence method would then show energy dependence. One must be 
careful in discounting such effects while interpreting fluorescence data, 
e Many dynamical parameters of molecular photoionization, e.g. the 
asymmetry parameter /?, spin polarization, etc., are easily accessible via 
photoelectron spectroscopy in contrast to the fluorescence method.
It should be noted that above points usually have pedagogic relevance only, as 
photoelectron spectroscopy is generally unable to provide the necessary resolution 
except for energies very near to the threshold. For this reason, photoelectron 
spectroscopy is the useful technique at low incident photon energies or for 
vibrationally unresolved studies, while fluorescence measurements are preferred at 
high energies. There is one more aspect of photoionization that highlights the 
complementary nature of these two techniques. Owing to its anisotropic nature, 
molecular photoionization results in degenerate ionization pathways of different 
electronic symmetries and these have different dipole strengths. Photoelectron 
spectroscopy is unable to determine the ratio of these dipole strengths due to the
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energy degeneracy of photoelectrons; photoelectron angular distributions do 
contain this information but it is folded together with relative phases of ionization 
channels and must be deconvolved. Fluorescence measurements, on the other 
hand, directly access this information as the anisotropic nature of photoionization 
manifests in the partial alignment of residual ions which is easily probed by 
measuring the polarization of their fluorescence [69-75]. This then yields the 
required ratio of dipole strengths [71,72]. This feature is also an useful tool to 
search and characterize resonances against a non-resonant background because 
resonances have a well-defined electronic symmetry [73-75].
The computation of absolute vibrational branching ratios using Eq. 3.1.12 
requires caution as there are other factors, as mentioned above, that may affect 
the result. First, the detection efficiency may vary with the fluorescence 
wavelength. In that case, ratios given by Eq. 3.1.12 need to be scaled by an 
appropriate constant factor. There are two ways for determining this scaling 
factor. The detection efficiency can be measured as a function of the wavelength 
by studying decay from states (atomic or molecular) whose absolute cross section 
is known. The alternative method is more straightforward. Very frequently, the 
absolute vibrational branching ratio is accurately known at few energies from 
photoelectron studies utilizing resonance-lainp excitation. The scaling factor is 
then simply the ratio of these values to those given by Eq. 3.1.12 at corresponding 
energies. This method has been used in our study of N2 photoionization. In fact, 
it is not even then necessary to know Franck-Condon factors for the emission 
process. This is useful in studies of polyatomic systems, as Franck-Condon 
factors are seldom known for complex ions. Furthermore, excited ionic 
vibrational levels often lose their energy by fragmentation and fragmentation 
rates for alternative vibrational states may be different. Then Eq. 3.1.12 is 
modified by multiplying it with the ratio of corresponding fragmentation rates
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[27]. However, it should be noted that for the purpose of the present study it is 
sufficient to determine the ratio ^V2, V2, /» as we are interested only in the
profile of the vibrational branching ratio curve as a function of the excitation 
energy and this is not affected by scaling factors. This is illustrated in our studies 
of SiF4 and CS2 photoionization. The absolute branching ratios can be
determined, if needed, by measuring the constant scaling factor at one excitation 
energy using resonance-lamp excitation and then scaling the entire data set.
Second, care should be taken to ensure that there is no collisional
de-excitation of the excited ions. Typically, this is true for the range of sample 
pressures (10"3 - 10‘4 torr) that are used in our studies. At such pressures, 
collisional de-excitation lifetime is of the order of 10 "6 s compared to 10 "9 s for a 
fluorescence decay. Also, there should be no secondary ionization processes such 
as electron-impact ionization. This is extremely important at high excitation 
energies because high energy photoelectrons that are produced can easily ionize 
the neutral molecules. These effects are avoided by keeping pressures in the 
experimental chamber low and performing measurements at several pressures to 
identify such artifacts.
We end this section by noting that though our discussion so far has focused 
on obtaining vibrationally resolution, it is relevant to rotationally resolved studies 
as well. It is in these studies that the full potential of fluorescence measurements 
is brought forth, and a detailed discussion of this is provided in the next chapter.
3.2 Experimental Details
We first give an overview of the experiment so as to provide a perspective
for the detailed discussion of its salient features that follows. Figs. 3.2.1, 3.2.2
and 3.2.3 show schematics of the overall layout of the experiment, the side view of 
the apparatus, and the data acquisition scheme, respectively. Synchrotron
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Fig. 3.2.1 Experimental schematic: Overall layout.
radiation is channeled by two capillary tubes into the experimental chamber 
where it intersects gas molecules emerging from an effusive/supersonic gas jet. 
The pressure inside the experimental chamber is typically ~ 10'3 -  10'4 torr, and 
is isolated from the ultra high vacuum of synchrotron beamline by two-stage 
differential pumping. The pressure in the interaction region is estimated to be 
one to two orders of magnitude greater than the chamber pressure. Fluorescence 
is collected from the interaction region by a collimating lens and focused on the 
entrance slit of a monochromator by a second lens. The intensity of the 
fluorescence dispersed by the monochromator is then measured either by a cooled 
photomultiplier tube or by an optical multichannel analyzer interfaced to a 
position computer. The dark count contributions are assessed by having a shutter 
in the path of the fluorescence radiation. The data acquisition is controlled by 
standard Computer Automated Measurement and Control (CAMAC) modules 
interfaced to an A T /386 personal computer. A VUV aluminum photodiode or a
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Fig. 3.2.3 Experimental schematic: Data acquisition.
nickel mesh is used to monitor the intensity of the incident radiation. 
Appropriate filters are placed in the path of synchrotron radiation to minimize 
effects due to the higher orders of the excitation. With this scheme in mind, we 
are now ready to discuss various aspects of the experiment in detail.
42
3.2.1 Synchrotron Radiation
We use synchrotron radiation produced by the Aladdin storage ring at the 
Synchrotron Radiation Center, Stoughton. This ring operates at 0.8 -  1 GeV 
electron beam energies and is particularly suited for obtaining the VUV and soft 
x-ray radiation [18]. The spectral output of a storage ring is continuous and must 
be dispersed to obtain monochromatic beam of incident radiation [18]. For our 
experiments, this is accomplished at the above facility by 6 m focal length 
toroidal grating monochromators (TGMs) [18,64,76,77] managed by the 
University of Vanderbilt and the Synchrotron Radiation Center. These 
monochromators offer high throughput and moderate resolution [18,64,76,77], and 
are well suited for studies of broad spectral features such as shape resonances. A 
set of three gratings mounted on a rotating carousel and interchangeable under 
vacuum provide synchrotron radiation in the energy range 9 eV to 180 eV. In the 
present study, only two gratings, the low energy grating (9 -  27 eV) and the 
medium energy grating (23 -  100 eV), are used. Data taken with alternative 
gratings are joined by taking spectra at several overlapping excitation energies 
and scaling one set to the other. The wavelength of the incident radiation is 
scanned by using a drive screw that varies the position of the grating. The drive 
screw is driven by a stepping motor controlled by the CAMAC Stepping Motor 
Controller (Kinetic Systems, Module 3362) which is programmed to put a 
predetermined number of pulses depending on the wavelength increment desired. 
A linear encoder (Heidenhain, Model VRZ 181) is used to monitor the excitation 
wavelength position. This encoder has BCD outputs that are updated by a 
periodic strobe pulse (16 Hz) from a Digital to Analog (D/A) converter and is 
read by the CAMAC Input Gate (Kinetic Systems, Module 3472).
The resolution of a TGM varies approximately linearly with the wavelength 
of the incident radiation [64], and is set primarily by the exit slit-width of the
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monochromator. In the present study, entrance and exit slit-widths are kept 
equal, but it is possible to obtain higher flux without sacrificing the resolution 
substantially by opening up the entrance slit. Typically, we operate with 2000/i 
slits, and our resolution varies from ~ 100 meV at 20 eV (incident photon energy) 
to ~ 600 meV at 70 eV [64], Under such conditions, the flux of incident photons 
is of the order of 1012 photons m m '2 s '1. The typical beam spot is ~ 0.3 mm x 
0.3 mm at the focal point. This flux varies over a considerable range, and is 
monitored by a VUV photodiode obtained from the National Institute of
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Fig. 3.2.4 Schematic for electrical circuit to measure incident photon flux.
Standards and Technology (formerly, the National Bureau of Standards). This 
diode consists of a flat circular A1-A120 3 photocathode suspended within a 
cylindrical anode which is maintained at a positive potential ~ 60 eV. Incident 
far UV photons cause emission of low energy electrons that are collected by the 
anode. A picoammeter is used in the configuration shown in the Fig. 3.2.4 to 
measure the rate of emission. The picoammeter must be connected to the cathode
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as not all electrons are able to reach the anode. The picoammeter also provides a 
voltage output that is proportional to the current measured by it, and this output 
is fed into a voltage-to-frequency (V /F) converter. The output of the latter, 
proportional to its voltage input, is measured by a CAMAC Scaler (Kinetic 
Systems, Module 3615) and provides the measure of the incident flux. The 
typical picoammeter current is ~ 10"8 A, and this can be used to estimate the 
incident flux as shown in Appendix A. However, there are precautions that need 
to be observed for the correct assessment of the flux present. It should be ensured 
that the photodiode is shielded from charged particles (such as from the ion gauge 
used to monitor the chamber pressure) during its operation. Also, care must be 
taken when working with high energy incident photons, as high kinetic energy 
photoelectrons from the interaction region may affect the photodiode output. 
Finally, this arrangement has a drawback in that incident photons have to pass 
through the interaction region before impinging on the photodiode and may be 
absorbed by sample molecules. As a result, the photodiode output may not be an 
accurate measure of the incident flux since absorption can depend on the photon 
energy. This can skew the CIS spectra, as all data are normalized to a constant 
value of incident flux. Note that branching ratios are not affected by this 
normalization. An alternative is to use a nickel mesh to monitor the flux before it 
enters the experimental region. Nickel mesh has a transmission coefficient ~ 90% 
and serves as an excellent monitor of the incident flux. In fact, we use a Ni mesh 
in the CS2 study to obtain the requisite CIS spectra. A final related point is that 
it should be ensured that the energy response of these photodiodes is flat over the 
energy range of interest so that no artifacts are introduced in the data [78-80].
Another important aspect to consider is the effect of the higher order 
synchrotron radiation [9,18,64,81]. When the monochromator is tuned to an 
energy E, the radiation coming out of the exit slit can also have energies 2E, 3E,
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4E and so on, in decreasing proportion. The extent of the higher order radiation 
depends mostly on the grating geometry and mirror angles and can vary from one 
monochromator to another substantially [64]. In our studies, only the second and 
third orders have enough intensities to be of any concern [64], Higher orders 
contribute to photoionization depending on their strength and the photoionization 
cross section of the sample at their energies [64]. Unfortunately, higher order 
contributions from monochromators used in the present study are not yet fully 
characterized. However, we minimize higher order effects by using filters. Sn and 
A1 filters are useful in the energy range (16 eV < hi/exc< 70 eV) of the present 
study. These filters have a sharp cut-off at ~ 23.5 eV and ~ 70 eV [79,80], 
respectively, and are useful for filtering out higher order radiation when primary 
incident photon energy is tuned below 23.5 eV or above 35 eV. There are no 
filters available for energies in the intermediate range and we have to rely on 
qualitative estimates of higher order effects. First, for the systems considered in 
this study, there is theoretical and experimental evidence that the photoionization 
cross section decreases monotonically with energy and is expected to be small at 
energies ~ 50 eV and above. This is evident in our CIS spectra too. Second, the 
extent of higher order effects can be estimated by tuning below the ionization 
potential of the system. At such excitation energies, fluorescence photons that 
are detected are solely due to the decay of photoions formed by higher orders of 
synchrotron radiation. This is done in the SiF4 study and we find no appreciable 
change in the branching ratio profile when these contributions are subtracted out. 
However, such analyses are approximate and there is a need to characterize higher 
order output of TGMs quantitatively. Photoelectron spectroscopy can be useful 
for this purpose as photoelectrons corresponding to different incident energies 
have different kinetic energies.
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3.2.2 Vacuum Considerations
Synchrotron radiation based experiments have stringent requirements for 
the pressure in the experimental chamber. Storage rings and beamlines operate 
under ultrahigh vacuum (UHV) with pressures in the range 10' 10 to 10' n torr and 
the experimental chamber must be evacuated to this pressure before it is opened 
to the beamline. This poses a serious complication for the gas phase experiments. 
Typically, the sample pressure in such experiments is in the range ~ 10"4 -  10"3 
torr and must be isolated from the UHV of the beamline. This is achieved in our 
experiment by two-stage differential pumping. This technique relies on creating 
a huge conduction barrier to the motion of gas molecules from the experimental 
chamber to the beamline and is illustrated in Fig. 3.2.1. An intermediate 
chamber is used between the experimental chamber and the beamline (the 6-way 
cross shown in Fig. 3.2.1). Two glass capillary tubes of 2 mm internal diameter 
connect the intermediate chamber to the experimental chamber and provide the 
requisite conduction barrier. At the same time, they channel the incident 
radiation to the interaction radiation. The separation between two tubes is about 
3 mm and this space is pumped by a 50 liter s"1 turbo pump (Balzers, TPU 50). 
The experimental chamber and the intermediate chamber are pumped by a 
2500 liter s_1 cryopump (CTI-Cryogenics, Cryo-Torr 10) and a 170 liter s '1 turbo 
pump (Balzers, TPU 170), respectively.
The pressure in the experimental chamber is typically maintained at ~ 10 "3 
torr. Due to the small internal diameter of the capillary tubes, only a few gas 
molecules are able to reach the region between the two tubes. In this region, 
there are two paths available to these molecules. There is a high conductance 
path to the vacuum pump, and an extremely low conductance path to the 
intermediate chamber through the capillary tube. As a result, most molecules are 
pumped away by the vacuum pump and the very few that do reach the
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intermediate chamber are then pumped away by the vacuum pump attached to it. 
Using this arrangement, the intermediate chamber is pumped down to 
~ 10~10 torr. This is not a fortuitous result, as the feasibility of the vacuum 
system is checked while planning for the experiment by making a quantitative 
estimate of the pressure in the intermediate chamber [81,82], These calculations 
are shown in Appendix B. Furthermore, strict UHV techniques are required 
while handling surfaces inside the intermediate chamber [81,83]. For example, 
the UHV integrity of the ion gauge used in this chamber must be ensured. It is a 
good idea to dedicate a chamber and related accessories solely for this purpose. If 
this is not possible, then the history of the components should be known so as to 
ensure that they have not been exposed to materials not compatible with UHV. 
High vapor pressure substances such as oils (including skin oils) are deleterious 
for UHV. In fact, all components that are placed inside the intermediate chamber 
should be first cleaned in an ultrasonic bath if possible. Low vapor pressure 
solvents such as acetone or methanol are useful for this purpose. These solvents 
are quickly removed by vacuum pumps in contrast to water vapor that takes a 
long time to be pumped off. For the same reason, the system should be vented by 
a dry gas such as argon or nitrogen to ensure quick turnarounds. However, 
helium should not be used for this purpose as it is not pumped efficiently by 
cryopumps.
The intermediate chamber and all surfaces exposed to it are baked at 
~ 150° C for about 14 hours. This helps in the desorption of gas molecules sticking 
to surfaces and can also eliminate virtual leaks (closed spaces, such as under the 
screws in blind holes, that can trap air and are very difficult to pump because of 
their size and/or location; care must be taken to minimize these while designing 
the chamber). Aluminum foil is wrapped around the chamber to ensure an 
uniform bake temperature over all surfaces. A related point is that the ion gauges
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should not be installed too close to the surface. They can heat the surface 
substantially and the resulting thermal desorption can lead to unacceptably high 
steady-state pressure.
Once the requisite pressure is obtained, the pneumatic gate valve isolating 
the beamline and the intermediate chamber is opened to let in the VUV 
radiation. To prevent accidents, this gate valve is interlocked to the pressure in 
the intermediate chamber. This is done by feeding the input power to the gate 
valve through a relay in the ion gauge controller (Granville Phillips, Series 270). 
The relay opens when the pressure exceeds the set point (~1 » 10'8 torr) causing 
the gate valve to shut immediately.
Besides isolating the pressure in the experimental chamber from the UHV of 
the beamline, capillary tubes perform the important function of channeling 
synchrotron radiation to the interaction region. The details of mounting these 
capillary tubes are dictated by the cross section of the incident beam (~ 1 mm2), 
its divergence (~ few milliradians, vertical and horizontal), and the distance from 
the beamline exit flange of the point at which the beam is brought to focus 
[64,76,77]. The length of the capillary tube to the intermediate chamber is chosen 
such that the tip of its bore lies as close as possible to the focus. Only then is the 
entire beam captured by the capillary tube. There is slight leeway in the length 
of the capillary tube as the cross section of the exit beam is smaller than the bore 
of the capillary tube and its divergence is low. Also, capillary tubes are mounted 
aligned with the direction of the exit beam which is almost horizontal. Once the 
incident beam is captured by the capillary tube, it is channeled by total internal 
reflection without much absorption and comes out at the other end having the 
same divergence. In the differentially pumped region, two capillary tubes must 
be well aligned with each other so that no light is lost due to scattering during the 
transfer.
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The end of the capillary tube in the experimental chamber must be 
positioned so that the region of interaction, which is defined approximately by the 
point where the incident beam intersects the gas jet, lies at the focus of the 
collimating lens that collects the fluorescence from excited ions. To locate this 
point, we have a pin mounted on a linear feedthrough. The tip of the pin is 
placed at the desired position (determined by an alignment jig) by driving the 
feedthrough, and the incident beam is directed to it. The length of the capillary 
tube is such that its face lies about ~ 1 cm from the interaction region. However, 
this can vary considerably depending on the degree of absorption by the sample.
It is clear that substantial degree of freedom is required to move capillary 
tubes so that all constraints discussed above are met. This is achieved by 
mounting the capillary tube holder with bellows on either end and on vertical and 
horizontal linear drives. Also, the entire apparatus is mounted on kinematic 
mounts to aid the alignment procedure. These considerations ensure that two 
capillary tubes act as an efficient optical fiber for the incident VUV radiation. 
We estimate that we are able to obtain transmissions greater than 60% using this 
arrangement for photons with hi/exc <100 eV.
The alignment is carried out with zero order incident radiation. Visible 
wavelengths help locate the beam so that the capillary tube can be steered in the 
right direction. It helps to mount a UHV compatible "flag" on the capillary tube 
locate the beam. The gate valve separating the apparatus and beamline can be 
mounted with a glass window so that alignment is possible even when the 
pressure in the intermediate chamber does not permit opening of the gate valve. 
Also, often beamlines have a He:Ne laser mounted on them and the laser is 
directed to follow the same path as the synchrotron radiation. This provides a 
stronger source for aligning the system and alignment can be accomplished even 
when there is no synchrotron radiation coming from the storage ring.
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We end this section by mentioning that it is possible to use metal foil 
windows to isolate the pressure in the experimental chamber from the UHV of the 
beamline [80]. However, this method has several drawbacks. Most foils have a 
low transmission (~ 25%) [80]. Moreover, these foils are generally useful only for 
experiments over small ranges of incident energies as they do not transmit over a 
broad spectral range [80]. One can usually find a set of foils to cover a large 
energy range, but it is extremely cumbersome to interchange foils. The foils are 
typically 1000 A thick [80] and are very easily ruptured by mishandling. Also, 
they very often develop pin-holes over a period of time and this can be disastrous 
while working on a storage ring. Third, the incident beam is not easily guided to 
the desired point because this would entail adjusting the entire apparatus using 
kinematic mounts. Finally, a note is in order on the mounting of these foil 
windows. One just cannot connect the experimental chamber at atmospheric 
pressure to the beamline and open the gate valve separating the two. The 
pressure gradient is sufficient to blow away the extremely thin foil. To 
circumvent this problem, the foil is mounted on a gate valve which is kept open 
while the experimental chamber is being pumped down. When the pressure 
gradient decreases to about 10"3 torr, the foil is put in the desired position by 
closing the gate valve. The beamline can then be opened to the experimental 
chamber.
3.2.3 Sample Handling and Transfer
In this program of study, we use four samples — N2, SiF4, CO and CS2. 
These samples are obtained commercially and are at least 99% purity. Except for 
CS2, which is liquid at room temperature and pressure, samples are used without 
any further purification. CS2 is purified by fractional distillation to remove any 
impurities that may be introduced during its transfer to the manifold used for
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feeding it into the experimental chamber. All these samples, with the exception 
of N2, pose serious fire and/or health hazards, and must be handled with extreme 
care. There are few obvious precautions that are taken. First, the gas handling 
manifold is checked for leaks. This is necessary even for non-hazardous gases to 
prevent impurities from being introduced into the sample. Second, gas cylinders 
are confined inside a sealed box that is vented to an exhaust system. This can 
prevent disasters in case of a leak in or near the gas regulator. Third, we ensure 
that samples being used are compatible with all materials that come in contact 
with them. This includes all valves, tubes and vacuum equipment. For example, 
CS2 dissolves elastomers and as such only copper gaskets should be used to seal 
the system. Also, the vacuum pump oil must be able to withstand any chemical 
disintegration due to the sample. It is necessary to follow recommended 
procedures for disposing the contaminated oil. Fourth, all vacuum pumps are 
vented to an exhaust system. This is especially important while working with the 
cryopump. The cryopump removes gases by adsorbing and storing them on 
charcoal; these gases are released when the temperature inside the cryopump rises 
after a shut-down. Lastly, before disconnecting the gas regulator from the 
cylinder, the gas-line is pumped with the regulator open to remove the gas 
trapped in the input stage of the regulator.
Before introducing the sample into the experimental chamber, the gas 
handling manifold is repeatedly purged and evacuated. Samples are then 
introduced through a small orifice of a gas-jet mounted on a XYZ manipulator. 
The orifice diameter ranges from 0.5 mm to 30/j and is interchangeable. In the 
case of CS2 it is necessary to heat the gas jet moderately to aid its evaporation 
into the vacuum. The use of a gas jet has many advantages. First, it replaces the 
conventional gas cell which may absorb substantial part of the incident radiation 
as well as the fluorescence being detected. Second, it provides a high density of
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molecules to the incident radiation as most molecules are confined to an 
extremely thin pencil-like volume [84,85]. This explains the role of the XYZ 
manipulator. It is essential to adjust the position of the gas jet so that this 
pencil-like volume is directly in the path of the incident radiation. However, by 
far the most important advantage of using a gas jet is its ability to simplify 
molecular spectra at the rotational level of detail when used in the supersonic 
mode [85-88].
At room temperature, the translational energy of a molecule is about 
25 meV which is large compared to typical rotational energy level spacings 
(~ 1 meV). As a result, the number of populated rotational states of target 
molecules is large [65], the distribution of molecules in various rotational states 
being given by the Boltzmann distribution. This results in an extremely large 
number of possible energy transitions and therefore, in a spectrum that is too 
complicated to be deciphered. For this reason, it is necessary to reduce the 
number of initial states available to target molecules to make the problem 
tractable. This can be achieved by cooling the sample so that only states of 
lowest energy are populated. However, it is not practical to use a conventional 
low temperature refrigerator as it will condense the gas into the liquid or solid 
phase, thereby changing the physical nature of the system being studied. This 
difficulty is circumvented by using supersonic free jets [85-88]. In this technique, 
the cooling is achieved by ejecting an uncollimated, or free, jet of gas into vacuum 
such that its flow is much faster than the speed of sound in that medium. 
Thermodynamically, it can be shown that expanding gas in the jet must cool as 
the energy of molecules due to their random translational motion is reduced 
[85-88]. This is easily understood by recalling that the temperature of a gas 
depends on the velocity distribution of molecules about the most probable 
velocity (which in the case of a gas jet is the flow velocity), and is proportional to
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the width of this distribution [85,86,88]. In this light, consider components of the 
translational velocity of molecules that are perpendicular to the direction of flow. 
At distances relatively far downstream from the nozzle, the density of molecules 
is much diminished so that collisions between molecules are greatly reduced. 
Under such conditions, molecules with small transverse velocities remain near the 
center of flow, while those having larger transverse velocities move away from the 
center. As a result, for a small volume of gas relatively far away from the nozzle, 
the width of the transverse velocity distribution is narrowed and the transverse 
motion is cooled. If the density of the gas is sufficient to allow some collisions, 
then energy is transferred from rotational degrees of freedom to translation 
degrees of freedom and the gas is cooled rotationally. By this method, 
temperatures as low as a few kelvin can be reached. The gas does not condense 
because its density is too low to cause three-body collisions that are required for 
the condensation to occur. Note that cooling involves only two-body collisions 
which are much more probable.
The cooling obtained by supersonic expansion depends on the distance from 
the nozzle [86,88]. At distances too far from the nozzle, the gas density is very 
low and the number of collisions is greatly reduced to cause any appreciable 
cooling. It is therefore necessary to be able to move the gas-jet in direction 
perpendicular to the incident beam so that the coolest region of the sample is 
selected; the XYZ manipulator makes this possible. We find this adjustment 
critical to our ability to obtain rotationally resolved data for the photoionization 
of N2. Rotationally resolved fluorescence spectra are obtained for alternative 
nozzle diameters and positions, and the optimum configuration is determined by 
comparing these spectra — as the gas becomes rotationally cooler, fluorescence 
peaks originating from lower rotational levels become stronger at the expense of 
those originating from higher lying levels. It is possible to increase the degree of
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cooling dramatically by seeding the sample (~ 5%) with a rare gas such as argon 
(~ 95%). Unfortunately, we are unable to exploit this technique with the present 
experimental set-up as it leads to severe degradation of the signal to noise ratio.
Finally, supersonic expansion does not result in efficient vibrational cooling 
as vibrational spacings are large compared to rotational spacings and a much 
larger amount of energy is required to be transferred to translational degrees of 
freedom during a collision to depopulate the higher lying vibrational levels. 
However, as already mentioned, this does not present much of a problem because 
at room temperature most small molecules with high frequency vibrations are in 
their lowest vibrational state [65].
3.2.4 Optics
The optical layout is illustrated in Fig. 3.2.1. A 100 mm focal length 
plano-convex lens L t with 25 mm diameter collects the fluorescence radiation 
from the interaction region. The focus of the lens lies approximately at the 
interaction region so that the incident fluorescence radiation is rendered parallel. 
A 25 mm diameter, 100 mm focal length concave mirror is placed on the opposite 
side of the interaction region at a distance equal to its radius of curvature 
(200 mm). In this configuration, all light incident on the mirror is reflected to 
retrace its path. This increases the collection efficiency almost by a factor of two. 
The collimated beam is deflected into the horizontal plane by a 50 mm x 50 mm 
plane mirror M and then focused by a 25 mm diameter, 125 mm focal length 
plano-convex lens L2 on the entrance slit of an optical monochromator 
(Instruments SA, Model HR 640). The dispersed radiation coming out from the 
exit slit of the monochromator is diverging and is focused on the photocathode 
(10 mm x 10 mm) of a photomultiplier tube using a biconvex lens. Alternatively, 
a mirror can be placed in the path of the beam to obtain a spectrum in a direction
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perpendicular to the exit slit. This arrangement is suitable for using an optical 
multichannel detector which has a 2-dimensional position-sensitive photocathode. 
The dispersion, of the monochromator depends on the grating used. There are 
three gratings available to us and their reciprocal linear dispersion (RLD) are 
12 A/mm (1200 grooves/mm grating), 6 A/mm (2400 grooves/mm grating) and 
4 A/mm (3600 grooves/mm grating). The choice of the grating is governed by 
the spectral range being probed, resolution desired, and the incident fluorescence 
flux. A grating with a low RLD has lower transmission efficiency and one may 
not have any choice but to use a grating with a high RLD when signal levels are 
low . The overall transmission efficiency of a grating depends on the wavelength 
of the incident radiation and is maximum for the wavelength equal to the blaze 
wavelength of the grating (the wavelength at which the transmitted intensity is 
greatest for the first order spectrum; it is determined by the groove geometry) 
[81]. The grating transmission is greatly diminished if the grating is used in a 
spectral range far from its blaze wavelength. Our gratings are blazed at 2500 A 
(1200 grooves/mm grating), 3000 -  6500 A (2400 grooves/mm grating) and 2250 -  
4500 A (3600 grooves/mm grating), and have transmission efficiencies ~ 50%.
For efficient collection of light by the monochromator, the input f-number 
(of L2) must match the f-number of the monochromator [81]. This determines 
the optimum focal length of the lens L2. The monochromator f-number is 5.2, 
and since the lens diameter is 25 mm, the focal length of the lens is constrained to 
be about 125 mm. A lens of a lower focal length will overfill the monochromator 
aperture and result in diminished output intensities and, more seriously, scattered 
light. Another desirable requirement is that the image formed at the entrance slit 
is as small as possible, so that low bandpass can be obtained by decreasing the 
slit widths without sacrificing much flux. This is ensured by mounting the lens 
L2 on a XY linear drive so that it can be moved in directions parallel and
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perpendicular to the plane of the slit Sr  This allows the distance between the slit 
and lens to be adjusted such that the slit is in the focal plane of the lens. The 
other degree of motion then helps in bringing the image to focus on the slit. The 
path of the incident fluorescence beam can also be adjusted in vertical and 
horizontal directions by changing the orientation of the mirror M. Another factor 
that affects the image size is the aberration (spherical, lateral or coma) due to the 
lens system. These are minimized if Lt and L2 are plano-convex lenses of the 
same focal length and are placed with their curved sides "facing" each other. 
However, the efficiency of collecting photons from the interaction region depends 
on the distance of the lens Lt from the interaction region, i.e. its focal length. 
Only those photons that are emitted in the cone subtended by at the 
interaction region are collected. Therefore, the focal length of must be as small 
possible. We find a value of 100 mm a good compromise. The collection
efficiency of this arrangement is ~ 0.386% (see Appendix C).
All optical components are carefully chosen so as to obtain large 
transmittance (for lenses) or high reflectance (for mirrors) over a wide range of 
wavelength spanning from near-ultraviolet (~ 2100 A) to near infrared 
(~ 7500 A). Fused-silica is an ideal material for lenses, as it offers transmittances 
as high as 90% in this range. For mirrors, the reflectance is enhanced (~ 90%) by 
coating their surface with aluminum. However, aluminum undergoes slow 
oxidation which can reduce the reflectance in ultraviolet as well as cause slight 
scattering throughout the spectrum. This can be prevented by applying a film of 
MgF2 which is an ultraviolet transmitting dielectric. The dielectric layer 
prevents oxidation of the aluminum surface and provides resistance to abrasion. 
It is also desirable (however, not incorporated in our setup) to have antireflection 
coating on lenses to minimize reflection losses; MgF2 is well suited for this 
purpose too. All these features are readily available commercially.
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The above considerations ensure that maximum amount of the fluorescence 
radiation is collected, transmitted, and finally detected. A rough alignment of the 
optical components for this purpose is achieved by scattering a He:Ne laser beam 
off a pin placed at the interaction region and adjusting mirror M and lens L2 till a 
strong image is visible at the exit slit S2 for the grating position corresponding to 
the laser wavelength. The grating position is adjusted by a drive screw driven by 
a stepping motor, which is controlled by the CAMAC Stepping Motor Controller 
(Kinetic System, Model 3362) interfaced to a computer.
Finally, there is the issue of minimizing and assessing the background 
count. The background count arises either due to light leaks or due to thermionic 
ejection of electrons from the detector photocathode. The optical system must be 
sealed "light-tight". Any source of spurious photons in the experimental 
chamber, such as the filament of a ion gauge, must be shielded or turned off. To 
assess the background contribution for phototube operation, a shutter is placed in 
the path of the fluorescence radiation. The shutter opens when a 5 volt signal is 
input into its control mechanism. This is automated by programming a CAMAC 
D/A converter (Jorway, Model N31) to put a 5 volt signal level on request. Data 
are taken with the shutter in open position followed by the shutter in closed 
position. These measurements yield the net (i.e. the real) count rate and the 
associated uncertainty. Let Stotal be the total count rate (shutter open) and 
Sback the background count rate (shutter closed). The net count rate Snet is
S net =  ^ total -  Sback 3 .2 .1
Suppose data are are taken for t seconds. Then the number of total counts 
(Itotai), background counts (Iback) an(  ^ net counts (Inet) recorded during this 
duration are similarly related
58
■^net ^total ^back 3.2.2
and their uncertainties are related by the expression
Alnet =  {(Altotal)2 + 3.2.3
Since photon counting statistics are governed by Poisson distribution [89] 
AI =  J T  3.2 .4
Therefore
^net = (^ total + b^ackP 3.2 .5
and the fractional uncertainty is
l
^net (^ total b^ack P
n^et (^ total b^ack)
3.2.6
Eqs. 3.2.5 and 3.2.6 are used to determine the statistical uncertainty in data. It is 
important to note that the net uncertainty in data can be greater than this value 
due to the presence of systematic errors. Also, Eq. 3.2.6 can be rewritten as
1
^net (^ total b^ack P -1  = --------------------------1* 3.2.7
n^et (^ total b^ack)
which explicitly shows that by increasing the accumulation time, the uncertainty 
in data can be made smaller even if signal levels are relatively low. The above
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Fig. 3.2.5 DC current mode of detecting photons. The average of output 
pulses (top) is almost continuous (bottom).
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Fig. 3.2.6 Single photon counting mode of detecting photons.
result is useful for estimating the scan time to obtain data of some given 
uncertainty.
3.2.5 Detectors and Data Acquisition Electronics
The intensity of dispersed fluorescence is measured using a photomultiplier 
tube (PMT) or an optical multichannel analyzer. We use a conventional PMT 
with a transmission-mode photocathode. The choice of the photocathode is 
determined by the spectral range desired and incident flux. Typically, 
fluorescence signals are weak and it is necessary to operate the PMT in a single 
photon counting mode. When the incident intensity is high, a number of photons 
enter the PMT in very short time, and create an almost continuous output pulse
60
train as shown in Fig. 3.2.5. The actual PMT output measured is then a DC 
current with slight fluctuations. However, as the light intensity becomes weak, 
output pulses due to incident photons are separated as shown in Fig. 3.2.6 and 
their number is directly proportional to the amount of incident light. This pulse 
counting technique is called the single photon counting method and circumvents 
the instabilities inherent in low current measurements. The photocathode used in 
the photon counting method must have a high quantum efficiency, low dark 
count, and good single photon selectivity. A GaAs(Cs) photocathode with a 
fused-silica window (Hamamatsu, Type #943-02) is ideal for this purpose and is 
used in our PMT. The typical quantum yield is ~ 10% and the dark count rate 
(measured by having a shutter in the PMT housing) is as low as 5 Hz when the 
PMT housing is cooled to -20° C. Furthermore, the spectral response range of 
this combination, determined by the window on the low wavelength side and by 
the photocathode response on the high wavelength side, is slowly varying from 
near ultraviolet to the infrared, and is thus suitable for our studies.
The output of a PMT is an extremely small current pulse (see Appendix D) 
and must be amplified to make it compatible with the typical input range of data 
acquisition and processing instruments. This is achieved by using a high speed, 
low noise NIM voltage amplifier (EG&G Ortec, Model 574). The current to 
voltage transformation needed for the input is performed by the 50 Q input 
impedance of the amplifier. This impedance also provides the matching 
impedance for the 50 D coaxial cable used to transmit the signal to the amplifier, 
thereby preventing signal attenuation and distortion and making it independent 
of the length of the coaxial cable. The amplifier can provide a gain of about 90 or 
400 and preserves the polarity of the input. The output of the amplifier consists 
of pulses due to electron emission from the photocathode with noise which must 
be filtered out. Moreover, the PMT output characteristics, such as the shape,
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amplitude and duration, vary over a wide range and these variations are further 
aggravated due to cabling techniques and amplification. To use off-the-shelf 
conventional signal processing units these pulses must be converted into pulses of 
standard amplitude and duration. These two functions are performed by a NIM 
discriminator (PRA, Model 1761). The discriminator accepts the output from the 
amplifier and for each input pulse that is large enough to trigger it, delivers a 
standardized logic pulse, which in our case is a NIM pulse (-0.8 V into 50 ft load). 
The output pulses from the discriminator are completely independent of all 
characteristics of the input signal except time of occurrence. The threshold 
voltage of the discriminator is best set by displaying the amplifier output on an 
oscilloscope and estimating the noise amplitude (~ 30 mV). The final stage in the 
data acquisition is counting the number of pulses output by the discriminator. 
This is achieved by routing the output pulses from the discriminator into a NIM 
Scaler (EG&G Ortec, Model 871) which provides a visual display. Alternatively, 
the process is automated by using a CAMAC Scaler (Kinetic Systems, 
Module 3615) which is programmed to count the number of pulses in a 
predetermined time.
A PMT is a an efficient single channel (i.e. one wavelength) detector. 
However, the efficiency and speed of single photon counting is dramatically 
improved with multichannel detection. We have incorporated this feature in our 
experiment by installing an optical multichannel analyzer (Quantar Technology, 
Model 2601A). The essential feature of an optical multichannel analyzer (OMA) 
is its two-dimensional photocathode which enables the whole regions of the 
spectrum from the monochromator to be imaged simultaneously. A brief 
discussion of this detector is provided here to point out advantages of 
multichannel detection. Photons incident on the photocathode generate 
photoelectrons and an amplified charge packet is built up by a set of multichannel
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plates. The charged packet is finally deposited on a resistive anode, where it 
diffuses through a highly uniform resistive film toward charge collection contacts 
at each of the four corners. The proportion of the charge from each event 
reaching each corner is measured by fast electronics and used to output a digital 
XY coordinate of the event. The complete spectrum is then obtained by aligning 
the X-axes (set by the electronics) of the detector along the dispersive direction 
of the monochromator and integrating the number of events along the Y-axes for 
each value of X. The wavelength range of imaged spectra is determined by the 
grating dispersion and size of the photocathode. For a grating with 12 A/mm 
dispersion and a photocathode of dimensions 25 mm * 25 mm (as in the present 
case), the imaged wavelength range is 12 * 25 =  300 A. This increases data 
acquisition speed by almost two orders of magnitude.
The X-axis of the detector is divided electronically into 128, 256, 512 or 
1024 channels and this controls the degree of detail in the imaged spectra. A 
corollary of this is that very high resolution can be achieved by using a low 
dispersion grating in conjunction with the largest number of detection channels. 
Another advantage of the OMA stems from its ability to provide a high 
signal-to-noise ratio for weak signals in an extremely short period of time 
compared to a conventional PMT. Specifically, the dark count rate integrated 
over the total area of the detector (25 » 25 mm2) can be as low as 20 Hz when the 
detector and microchannel plates are cooled to -30° C. This contrasts with the 
~5 Hz dark count rate that is typical of a cooled photomultiplier tube detector. 
Considering the fact that the area of the OMA photocathode imaged for a given 
transition can be as low as 0.05 * 2 mm2, this corresponds to < 0.003 Hz effective 
dark count rate. This implies that if the OMA and PMT are used to obtain data 
of comparable statistical quality, the OMA would accomplish the task in much 
less time. This is illustrated by using Eq. 3.2.6 to estimate the time required by
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the two modes of operation to obtain a data point with 2.5% uncertainty when 
the incident photon rate equals 1 Hz; it takes about 25 minutes with the OMA 
compared to about 5 hours with the PMT. Since many such measurements are 
required, the OMA makes possible measurements that would be otherwise out of 
reach. There is another advantage gained from this aspect of the OMA. The 
ability of the OMA to obtain high signal-to-noise ratios in a very short time, 
combined with its extremely high sensitivity, can yield highly resolved data even 
for weak signals. This is because these features allow the entrance slit-width to 
be decreased considerably so that the spatial size of its image on the photocathode 
is reduced. However, for best resolution, the XY-axes of the detector must be 
perfectly aligned with the axes of the grating. To minimize effects due to such 
misalignment, the entrance slit-height is decreased as much as possible. Also, 
electronic gating is used to exclude the "unimaged" area of the detector from its 
output so that the effective dark count is further reduced.
We conclude this discussion with a final note about obtaining the requisite 
data. This is done in two modes. In the first mode, the excitation energy is kept 
constant while a fluorescence spectrum is obtained using the OMA or the PMT. 
Such spectra are obtained for various excitation energies. The intensity of a 
fluorescence transition is equal to the area under the corresponding fluorescence 
peak and is found by numerical integration. The excitation spectra can be used 
to obtain the branching ratio profile as a function of the incident energy. In the 
second mode, which is very efficient when using a PMT, the fluorescence 
monochromator is held tuned to the wavelength of the fluorescence transition of 
interest while the excitation monochromator is scanned. This directly generates 
the excitation spectrum for the parent level of the transition. We use the first 
approach to study CO and CS2 photoionization, while the second is used to study 
SiF4 and N2 photoionization. These results are presented next.
4. RESULTS AND DISCUSSION
4.1 Shape Resonances in Polyatomic Molecules
While our understanding of shape resonant ionization dynamics is very 
detailed for diatomic molecules [1-8,25,29,30], our understanding of polyatomic 
photoionization dynamics is limited. An important factor that contributed to the 
understanding of diatomic shape resonances was the ability of the theory and 
experiment to work at the vibrationally resolved level of detail. The well-known 
sensitivity of shape resonances to bond length in diatomic molecules was found as 
a consequence of such studies and forms an important basis of our understanding 
of shape resonances in these systems [25,29,30]. Unfortunately, corresponding 
efforts for polyatomic molecules have been scarce, and this lack of a clear picture 
has resulted in fundamental and qualitative disagreements [19-23,26-28,90-93]. 
On the experimental front, it has been difficult to obtain the requisite 
vibrationally resolved photoelectron data for polyatomic molecules over a large 
spectral range. To emphasize how scarce such data are, we note that the only 
polyatomic shape resonances that have been studied with vibrational resolution so 
far are N20  [26-28], SiF4 and CS2 (the present work) and C 0 2 [94]. Fortunately, 
recent experimental advances have made the required vibrationally resolved data 
much more accessible (e.g. see refs. [6]). Similarly, accurate theoretical 
treatments have been hampered by the need for ionic potential surfaces which are 
difficult to obtain [90], but there has been considerable progress in this regard as 
well [95]. So, while efforts to elucidate vibrationally resolved aspects of 
polyatomic shape resonances have been extremely scarce to date, it is particularly 
timely to investigate such resonant systems.
There are several motivations, fundamental and applied, for extending 
studies of shape resonances to polyatomic systems. Because of the increased
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complexity, it is likely that polyatomics have a commensurately richer variety of 
continuum electron trapping mechanisms. Moreover, there are additional 
vibrational degrees of freedom for polyatomic systems and the response of the 
shape resonance to alternative vibrational modes can be utilized to obtain a 
detailed spatial map of the continuum wavefunction [27,28,90]. In this context, 
one of the key questions for polyatomic shape resonances is to what extent a 
shape resonance can be viewed as spatially localized between a particular pair of 
nuclei and thus, attributed to a specific bond. This issue has strong implications
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Fig. 4.1.1 Results from the NEXAFS study of reference [22]. The energy 
position of the O'—shape resonance relative to the I.P. is plotted as a function of 
the bond length between the two atoms (the absorber and the scatterer) from 
which the resonance arises. Results of this limited study were extrapolated to 
have an universal validity [22].
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for other areas of research, such as surface and materials science. Specifically, 
there have been efforts to understand how structures of reactant molecules are 
altered when they are bonded to catalytic surfaces. Many such studies have 
attempted to correlate energy positions of shape resonances with structural 
changes in target molecules. In particular, there has been an intensive effort 
aimed at correlating energy shifts of shape resonances in Near Edge X-ray 
Absorption Fine Structure (NEXAFS) spectra with changes in specific bond 
lengths in polyatomic molecules [19-23].
Fig. 4.1.1 shows results of a study that measured the energy position 6 of a 
(r-shape resonance in the A-shell photoionization for a number of polyatomic as 
well as diatomic molecules [22]. These energy positions, which are relative to the 
Is binding energy of the excited atom, are then correlated with the length R  of 
the bond between the excited atom and its nearest neighbor. As shown in the 
figure, it is possible to determine an empirical linear equation to describe changes 
of 6 with the bond length R  for classes of molecules characterized by a parameter 
Z which is defined as the sum of the atomic numbers of two atoms of interest. It 
is then extrapolated that this linear correlation is valid for all molecules, and can 
be used to predict the cr shape resonance position for molecules where the bond 
lengths are known as well as to calculate unknown bond lengths from positions of 
a■ shape resonances in the spectra of molecules of unknown structure [22].
However, the validity of this extrapolation, which implicitly assumes that 
shape resonances are localized over a specific bond in the molecule, has since been 
a subject of controversy [19-23,86-28,90-93]. In fact, recent vibrationally 
resolved studies of the photoionization of N20  [26-28,90], including two 
earlier studies by our group [26,27], demonstrate that such interpretations are, at 
the least, not universally valid. These studies generated vibrational branching 
ratios as a function of excitation energy for the 7cr-1 photoionization of N20
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Fig. 4.1.2 Vibrational branching ratios for the 70'"1 photoionization of NgO 
[from reference 27]. The <r(l,0,0)/o'(0)0)0) ratio shows strong Franck— 
Condon breakdown, while the (r(0,0,l)/<r(0,0,0) ratio is essentially constant .
leading to formation of NgO^A1!!*) in vibrational states (1,0,0), (0,0,1) and 
(0,0,0) (N20  has three normal modes of vibration, and hence three vibrational 
quantum numbers). Fig. 4.1.2 shows these branching ratio curves and their 
non-Franck-Condon behavior near the threshold is attributed to a shape 
resonance. However, of interest here is the ^(1,0, ,0,0) ratio which shows a
very strong non-constant behavior in contrast to the <r(0,0,l)/<r(0,0,0) ratio, 
which is almost constant. These observations are interpreted by a simple 
hypothesis that the shape resonant wavefunction samples the whole molecular 
framework, rather than the N-N or N -0  moiety of the molecule selectively 
[27,28,90]. The results are then justified by considering Fig. 4.1.3 which shows a 
sketch of the vibrational motion of the ion in v' =  (1,0,0) and v' =  (0,0,1) states. 
The shape resonance profile for v' =  (1,0,0) cross section is different from the 
v' =  (0,0,0) profile because the ion in v' = (1,0,0) undergoes a breathing motion, 
thereby changing the overall length of the molecule, and hence the spectral
10
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Fig. 4.1.3 This sketch illustrates how the end—to—end length of N 20  is affected 
by symmetric and antisymmetric modes of vibration. This qualitative picture is 
used to explain results shown in Fig. 4.1.2 [27].
response of the resonance [27,28,90]. The asymmetric vibrational mode 
corresponding to the ion in v' =  (0,0,1) level does not change the molecular 
length appreciably and hence, the shape resonance cross section for this level is 
almost the same as that for the v' = (0,0,0) level [27,28,90]. This qualitative 
interpretation has been verified by ab initio Schwinger variational calculations 
[85].
The N20  photoionization results [26-28,90], which are in stark contrast to 
interpretations of NEXAFS studies [19-23], bring out the utility of vibrationally 
resolved data in accessing the microscopic aspects of the shape resonant 
wavefunctions in polyatomic molecules, and motivate further studies of 
polyatomic systems. To use shape resonances as analytical tools in materials and 
surface science, it is essential to build such a database so that their nuances are 
well understood. This is a primary goal of vibrationally resolved studies of shape 
resonant photoionization of SiF4 and CS2 that are presented next.
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4.1.1 50J-1 Photoionization of SiF4 
Introduction
A major reason for choosing SiF4 for the current study is that it is a 
tetrahedral system [96] and there have been no previous vibrationally resolved 
studies of shape resonant photoionization for non-linear molecules. Furthermore, 
there is vibrationally unresolved experimental and theoretical work that shows 
the existence of a shape resonance in the et2 photoionization channel of SiF4 
[97]. In our work, we probe the resonant behavior of this channel by measuring 
vibrationally resolved dispersed fluorescence from electronically excited photoions 
to determine vibrational branching ratios as a function of the incident photon 
energy.
The ground state SiF4 molecules are photoionized to alternative vibrational 
levels of S iF ^ D 2/^), and the excited ions decay to the C2T2 state via 
fluorescence, i.e.,
SiF4 +  hvexc — ► SiF4+[D2A1, v' =  (w1',n 2',n 3',n 4/ )] +  e '
I
SiF4+[C2T2, v"  =  ( n ^ ' ,n 2" , n 3" ,71^')] + h i / ^ , ,
4.1.1
Here v' and v ' ' represent the vibrational levels of the upper electronic state
(D2i4j) and the lower electronic state (C2T2) of SiF4+, respectively. The geometry
of the molecule is tetrahedral, resulting in four normal modes [96]. The number 
thof quanta in the i vibrational mode is denoted by n4. In this study, we focus 
our attention on the ion with no vibrational excitation [i.e., v' =  (0,0,0,0)] and 
the ion with the symmetric breathing mode excited [v' =  (1,0,0,0)].
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Fig. 4.1.4 The vibrationally resolved fluorescence spectrum of SiF4+(D 2A 1). For 
this example, the incident photon energy is 22 eV.
Results
Fig. 4.1.4 shows a portion of the vibrationally resolved SiF4+(D2i41— ► 
C2T2) fluorescence band. The fluorescence detection bandwidth is set at 12 A. 
The features of interest are the transitions originating from vibrational levels 
v' = (0,0,0,0) and v' = (1,0,0,0), and are labelled in the figure. The 
spectroscopic assignments are based on an earlier work (98]. The total intensity 
of a transition is found by calculating the area under each peak. By taking the 
ratio of intensities of fluorescence originating from alternative vibrational levels, 
one can determine the vibrational branching ratios. Alternative methods of 
estimating the peak area are investigated, as some of the features are blended 
with others and the effective baseline is sloping in some regions of the spectra. 
We find that the method of calculation did not significantly affect vibrational 
branching ratios that are reported below.
The branching ratio for photoionizing from the ground state to 
v{'=  (0,0,0,0) and vt'=  (1,0,0,0) states of the D2At state ion is given by
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Fig. 4.1.5 Vibrational branching ratio <r(l,0,0,0)/(7(0)0l0)0) for SiF4+(D 2-A4). 
The solid curve is drawn to guide the eye and is not a theoretical curve. The 
branching ratio is not independent of the excitation energy.
Eq. 3.1.12. Unfortunately, it is not possible to determine the absolute vibrational 
branching ratios for this system as the Franck-Condon factors, qy, , , ,  for the 
fluorescence transitions are not known. It is also not possible to obtain the ratio 
of these Franck-Condon factors by comparing fluorescence data to photoelectron 
data, as was done in the earlier N20  study [27], for there are no magic-angle 
vibrationally resolved photoelectron data available. We therefore report the ratio 
of fluorescence intensities which is proportional to the vibrational branching ratio, 
and this provides the branching ratio profile as a function of excitation energy. 
This is sufficient to obtain qualitative insights into the ionization dynamics, as 
demonstrated below.
Fig. 4.1.5 shows the vibrational branching ratio <7(l,0,0,0)/cr(0,0,0,0) for 
SiF4+(D2i41) as a function of excitation energy in the range 22 eV < hi e^xc < 70 eV. 
The error bars reflect the statistical uncertainty (two standard deviations) and 
the precision is limited by the low intensity of the fluorescence originating from
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the v' = (1,0,0,0) level. Clearly, the branching ratio is not independent of the 
excitation energy. There is no filter available to cut-off higher order radiation 
contributions when the primary excitation energy is tuned below ~ 35 eV. 
However, it is found that higher order radiation contributions in the excitation 
radiation do not affect the branching ratio results significantly. These effects are 
analyzed qualitatively by examining the fluorescence intensity from the 
SiF4+(D2^ 41) state when the excitation monochromator is tuned below the 
threshold for ionization to this state [see Appendix B], Under such 
circumstances, the fluorescence signal is due entirely to ionization by higher order 
radiation. We find that the branching ratio profile shown in Fig. 4.1.5 does not 
change appreciably when these estimates of higher order contributions are 
subtracted out. However, this analysis of higher order effects is only 
approximate, and results shown in Fig. 4.1.5 must be viewed as significant only 
for the qualitative features that are observed. Fortunately, this still provides 
useful information, as the following section demonstrates. The branching ratio 
profile shows two broad peaks, one at hvexc ss 25 eV and the other at 
h^exc a 45 eV. Each of these features is an example of Franck-Condon 
breakdown, and indicates the presence of a resonant photoionization phenomenon.
Discussion
High Energy Resonance (hi/exc as 45 eV):
In order to glean insights from the current data, we review a photoelectron 
study performed on SiF4 by Yates et al [97], the results of which are shown in 
Fig. 4.1.6. In this previous study, they augment their experimental results with 
multiple scattering model calculations, and both their experimental and 
calculational results are useful for interpreting the present results. Their 
experimental photoelectron data are obtained without vibrational resolution, so
73
I \
o
20 30 40 50 60
Excitation energy (eV)
70
Fig. 4.1.6 Results of the vibrationally unresolved multiple scattering model 
calculations for 5a^'  ^ photoionization of SiF4 (dashed line) shown along with the
experimental photoelectron results (solid circles), from reference [97].
the data are reported as electronic branching ratios (i.e., the ratio of cross section 
for photoionizing a particular valence orbital to the total valence shell cross
SiF4+(D2J41) exhibits a resonance in the region of our higher energy peak, and 
assign this to a 5 et2 shape resonance. Their interpretation of this feature as a 
shape resonance is consistent with the Franck-Condon breakdown observed in our 
data. The large width of this peak further supports the assertion that it is indeed 
a shape resonant feature. Thus, we conclude that the higher energy feature in 
Fig. 4.1.5 (hz/exc ~ 45 eV) is the previously identified 5at-» et2 shape resonance, 
and the current results supplement the past work by probing the vibrationally 
resolved behavior. In fact, this is a primary goal of this study. It will be useful 
to generate a database of vibrationally resolved results for polyatomic shape 
resonances so that trends in the resonance behavior can be discerned, and 
ultimately, be exploited as useful analytical tools.
section). They find that the electronic branching ratio for the production of
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Low Energy Resonance (h^exc « 25 eV):
It may be that this system provides us with two examples of vibrationally 
resolved shape resonant behavior. While the assignment of the high energy 
feature as a shape resonance is straightforward, the origin of the low energy peak 
is less certain. In the previous study of SiF4 by Yates et al [97], the theoretical 
curve for the SiF4+(D M 1) electronic branching ratio shows an enhancement in this 
energy region, and the photoelectron data are consistent with the calculations. 
However, these investigators stated that their calculations did not indicate any 
resonant features in the vicinity of the low energy feature. The vibrationally 
resolved behavior of this feature (i.e., Fig. 4.1.5) is clearly consistent with that 
expected from a shape resonance. The current results suggest that a 
re-examination of the previous calculations [97] and additional theoretical work is 
required to clarify the origin of this feature. Indeed, other interpretations seem 
unlikely. It is improbable that the observed feature is due to an autoionization 
resonance for two reasons. First, the feature observed by Yates et al. at low 
energy is predicted by the independent particle level calculations [97], and 
matches the energy position of the vibrational branching ratio peak shown in 
Fig. 4.1.6. However, autoionization is inherently a two-channel phenomenon, and 
would not be accounted for in the multiple scattering model calculations. Second, 
it is spread over a range of more than 5 eV, which is unusually broad for an 
autoionization resonance. This large width is consistent with the behavior of a 
shape resonance.
Kinetic energy effects [99] can be ruled out as the underlying cause of the 
low energy feature. Such effects can occur near the ionization threshold when the 
kinetic energy of the photoelectrons is comparable to the energy spacing between 
the vibrational states under study. In such an instance, the dipole matrix 
elements for transitions to alternative vibrational levels of the same electronic
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state can differ significantly, and the vibrational branching ratio profile can be 
non-constant. In the present study, the energy spacing between the 
v' =  (0,0,0,0) and v' =  (1,0,0,0) levels of SiF4+(D2i41) is about 0.1 eV, and the 
branching ratio peaks at 4 eV above the ionization potential (« 21.55 eV) [98]. In 
other words, the photoelectron kinetic energy is not comparable to the vibrational 
energy spacing, so we can rule out kinetic energy effects.
Thus, it is likely that this feature indicates the presence of a shape 
resonance. This would be an interesting result as there are only two documented 
molecular systems that have more than one shape resonance supported in a single 
photoionization channel, N2Q [100] and C2N2 [101]. If the observed feature is 
indeed due to a 5 et2 shape resonance, this would be another case of a 
polyatomic system supporting two shape resonances in a single ionization channel. 
We note that no such case has been observed in diatomic molecules. Perhaps 
such behavior is restricted to polyatomic shape resonant ionization, although this 
hypothesis is speculative without additional theoretical results to interpret the 
current data. In addition, it would be useful to investigate if the two shape 
resonances behave differently when the molecular geometry is changed. This 
could illuminate possible correlations between the resonant behavior and the 
molecular geometry.
We note that our interpretation of the low energy feature as a shape 
resonance is plausible, even though the multiple scattering calculations were 
previously interpreted to indicate the absence of a resonant feature in this energy 
range [97]. This is because there are ambiguities in interpreting the multiple 
scattering model calculations. A resonance is usually identified by examining the 
behavior of the eigenphase sum for the continuum wavefunction, and the 
wavefunction is represented as a superposition of the partial waves. It is usually 
one partial wave that is responsible for the resonance enhancement. However, the
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eigenphase sum of the wavefunction is the sum of the nonresonant and resonant 
contributions, and the nonresonant contributions to the eigenphase sum are not 
constant and can decrease over the resonance. Thus, the net change in the 
eigenphase sum may be less than ir radians across a resonance, and the criterion 
for labelling a feature a resonance based on the eigenphase sum is somewhat 
arbitrary. The calculations on SiF4 used a change of 0.37T radians over a range of 
6 eV as a criterion to label a feature as a shape resonance [102,103], as have 
previous investigators [103]. This may have been reasonable for their study, as 
those investigators were attempting a very broad survey encompassing many 
ionization channels. However, the current work indicates that a closer inspection 
of the calculations is warranted. Moreover, these data show the utility of 
obtaining vibrationally resolved data for investigating detailed aspects of 
photoionization dynamics.
For completeness, we note one other possible contribution to the observed 
low energy deviation from Franck-Condon behavior. Specifically, continuum 
channel coupling [31-36, and section 4.2 of this work] could be responsible in part 
for the feature at hi/exc a 25 eV. The previous investigation found strong shape 
resonances in the 25 eV range for photoejection of electrons from other valence 
orbitals of SiF4 [97]. Thus, it is possible that the observed Franck-Condon 
breakdown may partly be due to the shape resonance mediated continuum 
channel coupling. To check this possibility, additional theoretical work that 
accounts for multichannel aspects of the ionization dynamics is needed.
Shape Resonances and Molecular Geometry:
The current study can provide a stringent test of NEXAFS interpretations 
regarding shape resonance position-bond length correlations [19-23]. However, to 
do so strong theoretical support is required. In the previous N20  studies the data
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were readily amenable to interpretation as alternative vibrational modes were 
accessible (symmetric and asymmetric stretching modes) [26-28], opposed to the 
present study, where only the u1 vibrational mode (i.e., the breathing motion of 
the ion) has sufficient intensity to be probed selectively. While the present study 
on SiF4 is limited to a single vibrational motion, the presence of two well 
separated resonant features in the vibrational branching ratio curve (Fig. 4.1.5) 
should yield very useful information for interpreting the geometrical aspects of 
the shape resonant wavefunction, given supporting calculational results.
One final point worth noting is that SiF4 should prove to be a useful 
prototype polyatomic system because there have also been extensive experimental 
investigations into the shape resonant ionization dynamics for electrons ejected 
from core holes, including ejection of the Si 2p electrons [104-109].
Conclusions
Vibrationally resolved photoionization data have been obtained for 
SiF4+(D2^ 41) in the photon energy range 22 eV < hz/exc < 70 eV. The relative 
vibrational branching ratio, cr(l,0,0,0)/cr(0,0,0,0), is determined over this broad 
spectral range, and exhibits two resonant features, one at h i/sxc « 25 eV and the 
other at huexc « 45 eV. The high energy feature is consistent with a previously 
identified 5at-t et2 shape resonance feature, but the origin of the low energy 
feature is less clear. The behavior is consistent with the existence of an additional 
shape resonance at lower photon energy. A previous theoretical investigation 
based on the independent particle level multiple scattering model does show an 
enhancement in the cross section at this energy, but this is attributed to a 
non-resonant effect [97]. The current results demonstrate the necessity for 
reexamining the theoretical results [97] in the low energy region, and illustrate the 
utility of vibrationally resolved data in the study of polyatomic photoionization.
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4.1.2 5<ru_1 Photoionization of CS2 
Introduction
CS2 was chosen as the target molecule in this study for several reasons. 
First, vibrationally resolved data already exist for the valence isoelectronic 
systems of N2Q [26-28,90] and C 0 2 [94]. It is useful to study analogous systems 
for discerning the trends and differences in the ionization dynamics. Second, CS2 
is also a linear triatomic system, i.e., the simplest extension beyond diatomic 
samples. Third, CS2 is different from both C 0 2 and N20  in an important respect, 
namely, that the sulfur atoms have low-lying d-orbitals that influence the 
bonding [110] and might affect the ionization dynamics. In this vein, there have 
been recent calculations by Stratmann and Lucchese on CS2 shape resonant 
photoionization, and these calculations indicate that there is a 5cru-» £7rg shape 
resonance with several interesting characteristics [111]. Because the shape 
resonant wavefunction has ir symmetry, the predicted wavefunction has an
o
angular node along the molecular axis. Also, Stratmann and Lucchese’s 
calculations indicate that the shape resonant wavefunction has an appreciable 
amplitude on the sulfur atoms but not on the central carbon. This may result in 
the shape resonant ionization dynamics being insensitive to changes in bond 
length so that the vibrational branching ratios do not change with the incident 
photon energy. It is this absence of the Franck-Condon breakdown in the shape 
resonant photoionization of CS2 that we wish to test. For this purpose, we use 
vibrationally resolved fluorescence data from CS2+ in an effort to characterize the 
sensitivity of the 5<r_1 shape resonance to molecular vibration, and ultimately, 
attempt to develop a microscopic picture of the polyatomic shape resonant 
wavefunction.
We monitor vibrationally resolved fluorescence from electronically excited 
CS2 photoions. The excitation and the detection sequence for the present study is
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illustrated by Eq. 4.1.2
(n^ ,n2',n3')\ +  e'
K " , V ' > V ' ) ]  +  huv , v , ,
4.1.2
CS2 molecules in the ground state (X^g*) are photoionized to alternative 
vibrational levels of CS2+(B2EU+) ion and these undergo radiative decay to the 
ionic ground state (X2^ ) .  In this study, we use the optical multichannel analyzer 
to measure the intensity of fluorescence originating from levels v' =  (0,0,0) and 
v' =  (1,0,0) of CS2+(B2Eu+), and fluorescence spectra are obtained in the 
excitation energy range 18 eV < hu < 30 eV.
Results
Fig. 4.1.7 shows the portion of the CS2+(B2EU+— ► X2Dg) fluorescence 
spectrum relevant to the present study. The transitions of interest are those 
originating from v' =  (0,0,0) and v' = (1,0,0), and their spectroscopic 
assignments are based on an earlier work [112]. The integrated area of each peak 
is proportional to the cross section for the production of the vibrational level from 
which the transition originates, and a plot of the fluorescence intensity vs. 
excitation energy yields the relative CIS spectrum for the parent vibrational level. 
(For the sake of brevity, these are referred to as CIS spectra henceforth.) In the 
same vein, the vibrational branching ratio a[v' =  (1,0,0 ) ] / ^ '  =  (0,0,0)] is 
proportional to the ratio of fluorescence intensities originating from the 
v' =  (1,0,0) and v' =  (0,0,0) vibrational levels.
CS2[X1Sg+] +  huexc — > CS2+[ B V ,  =
1
c s 2+[x2ng, v "  =
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Fig. 4.1.7 Vibrationally resolved fluorescence spectrum of CS2+(B 2Eu +). For 
this example, the incident photon energy is 21.25 eV. Note that the transition 
originating from v ' — (1,0,0) is magnified by a factor of 100.
A Sn filter is used to eliminate contributions from higher orders of 
synchrotron radiation when the excitation monochromator is tuned to transmit 
primary photon energies below 23.5 eV. The transmission of Sn falls off rapidly 
above this energy and the filter must be removed [79,80]. However, we expect our 
data to be free of higher order effects for higher incident energies also, as the cross 
section for creating CS2+(B2EU+) ions decreases rapidly above 30 eV [113,114].
Figs. 4.1.8a and 4.1.8b show CIS spectra for levels v' =  (0,0,0) and 
v' = (1,0,0), respectively, in the energy range 18 eV < hv < 30 eV. There is a 
resonant enhancement in the cross section at approximately 21 eV which is most 
likely the shape resonance that we wish to characterize. However, there is also a 
pronounced dip in the partial photoionization cross section curves at about 20 eV. 
This dip appears to be a separate feature, although it is possible that it is part of 
the resonance structure. Our tentative interpretation is that there are (at least) 
two resonance features in this region, an autoionizing resonance at hi/exc s 20 eV
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Fig. 4.1.8 (a) Relative constant ionic state (CIS) spectrum for the
CS2+[(B2Eu +), V '  =  (0,0,0)] state (b) the same for the CS2*[(B2Eu *)f 
V '  =  (1,0,0)] state, (c) theoretical cross section for the production of 
CS2+(B 2Su +) from reference [106]. This cross section is calculated at fixed 
internuclear configuration.
82
o
CS2+(B8Eu+)
cr(l,0,0)/a(0t0,0)
a
j f 1 1 1 1 i  i
0
15 20 25 30
Excitation energy (eV)
Fig. 4.1.9 Vibrational branching ratio ff\v ' =  ( 1 , 0 , 0 ) / =  (0,0,0)] for B state 
CS2 photoions.
and a shape resonance at hi/exc « 21 eV. The basis for this interpretation is 
detailed in the following section. Fig. 4.1.8c illustrates results from the recent 
theoretical study into the ionization dynamics of CS2 [111] and these are also 
discussed further in the next section. Fig. 4.1.9 shows the profile of the 
vibrational branching ratio ^(1,0, ,0,0). The error bars are based on the
counting statistics and are consistent with the reproducibility of the results. Our 
v' =  (0,0,0) CIS results agree with previous vibrationally unresolved studies [113] 
and, as discussed below, the current vibrationally resolved data provide additional 
insights into the scattering dynamics.
Discussion
Identification of Resonance(s) Observed in Spectra:
Our principal goal is to clarify the microscopic picture of molecular shape 
resonances. It is possible to make progress in this regard by developing
10
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connections with the qualitative aspects of recent theoretical efforts. The 
experimental results (figs. 4.1.8a and 4.1.8b) are in good agreement with recent 
theoretical predictions by Stratmann and Lucchese (Fig. 4.1.8c) [111]. In 
particular, the resonant enhancement in the cross section is clearly present in 
both the experimental and theoretical curves at hu z 21 eV, and there is also 
reasonable agreement for the magnitude and width of the resonance. The 
resonant enhancement is attributed to a shape resonance in the 5cru-> eirg 
continuum channel. While the overall shapes of the curves are in good 
agreement, there is also a discrepancy revealed by this comparison, namely, the 
dip in the cross section (a 20 eV) in the experimental results. We suspect that 
this dip is not the result of the shape resonance, but of some other resonant 
process such as autoionization. The data support this interpretation. First, the 
CIS spectrum for v' =  (1,0,0) has an enhancement at a 19 eV that may be part of 
an asymmetric Fano profile [115]. Second, the experimental vibrational 
branching ratio profile (Fig. 4.1.9) shows a strong, sharp deviation below 
hu =  20 eV and very little deviation in the vicinity of the cross section maximum 
or at higher energies (i.e., hi/exc > 20.5 eV). This is also consistent with an 
autoionization resonance at lower energy. On this basis, it appears that the 
feature at 21 eV is the shape resonance considered by Stratmann and Lucchese 
[111] and also in previous vibrationally unresolved measurements [113].
For the sake of completeness, it is essential to see if there are plausible 
candidates that might be responsible for the resonant activity seen in the 
branching ratios below hu « 20 eV. The most probable cause for this narrow and 
strong deviation in the branching ratio is an autoionizing state converging to an 
ionic limit at higher energy, and such ionic states do exist. An earlier theoretical 
study has shown that there are strong final state correlation effects in the inner 
valence photoionization of CS2 [116]. These correlations mix single hole states,
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two hole-one particle states, and higher order hole-particle combination states to 
bring about the breakdown of the single particle model for ionization. There are 
many such ionic states predicted to exist above 18 eV [116], and a few have been 
observed [114]. It is possible that members of Rydberg series converging to one or 
more of these states autoionize to CS2+(B2EU+) and cause the strong variation in 
branching ratios observed at hz/exc < 20 eV. This is further supported by the 
narrow width of the observed deviation, which is consistent with an 
autoionization resonance. On this basis, we will employ a working hypothesis 
that there are (at least) two resonances in this photon energy range: the lower 
energy resonance is induced by autoionization and the shape resonance, the focus 
of this study, is the feature responsible for the resonant enhancement in the cross 
sections observed at 21 eV.
Evidence for Atomic Localization of a Polyatomic Shape Resonance:
A key result of the calculations by Stratmann and Lucchese [111] is that the 
wavefunction corresponding to this quasibound continuum resonance state is a 
linear combination of low lying virtual d-orbitals on the sulfur atom and is 
approximately localized within the spatial confines of the sulfur atoms. In their 
paper, they provide a contour plot of the C7rg wavefunction arising from the shape 
resonant ejection of a 5cru electron, and we reproduce this in Fig. 4.1.10. The plot 
clearly shows the d-like nature of the shape resonant trapping, and also that there 
is negligible amplitude on the central carbon atom. This atomic-like behavior of 
the shape resonance suggests that the dependence of the photoionization cross 
section on the molecular geometry may be slight, i.e., the Franck-Condon 
approximation will be obeyed. As a result, the vibrational branching ratio might 
not be expected to show strong deviations in the energy range of the shape 
resonance. As seen from Fig. 4.1.9, this indeed is the case. The observed
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Fig. 4.1.10 Contour plot of the eire wavefunction arising from shape resonant
O
ejection of a 5 a u electron from CS2 (reproduced from reference [111]). The 
wavefunction is localized on the two sulfur atoms and has no appreciable 
amplitude on the central carbon atom.
deviation is less than 10% in the region that is separated from the lower energy 
resonance. This is in sharp contrast to the vibrationally resolved behavior of 
most, if not all, previously studied shape resonances. To provide a point of 
reference, Fig. 4.1.11 compares "breathing motion" vibrational branching ratios 
from previous studies on N20  [27] and SiF4 with the present results on CS2. In 
each of the frames of Fig. 4.1.11, an arrow indicates the position of the shape 
resonance maximum. The top frame shows the CS2 results from Fig. 4.1.9. Data 
below 21 eV have been deleted to remove effects that are believed to be due to 
autoionization. The middle frame displays the analogous <r(l,0,0)/tr(0,0,0) ratios
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Fig. 4.1.11 Comparison of vibrational branching ratios for valence shape 
resonances in polyatomic molecules studied to date. Top frame: present CS2
results with data below 21 eV deleted as discussed in the text. Middle frame: 
N20 +(A2E +) 6r(l,0,0)/cr(0,0)0) ratio [27]. Bottom frame: SiF4*(D2j4,)
Or(l,0,0,0)/(T(0I0,0I0) ratio. Note that only the CS2 results are approximately in 
line with the Franck-Condon approximation.
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for the 7tr~l photoionization of N20 , and the SiF4 <r(l,0,0, ,0,0,0)
results are presented for comparison in the bottom frame. For both the N20  and 
SiF4 results, shape resonances near the threshold cause the vibrational branching 
ratios to change by more than a factor of two over a wide range (> 10 eV). It is 
clear that the vibrational branching ratios in CS2 are comparatively constant 
(i.e., consistent with the Franck-Condon principle). The implication is that the 
shape resonant ionization dynamics is not sensitive to changes in the molecular 
geometry.
While the vibrational branching ratio results are consistent with the picture 
of the shape resonance being insensitive to changes in the molecular geometry, 
there is another possibility that must be evaluated. Perhaps the branching ratio 
is constant because the resonance enhancement in the photoionization cross 
section is weak relative to the nonresonant "background" cross section. In other 
words, the resonance may be sensitive to the molecular geometry, but the 
resonant contribution to the cross section is too small to significantly affect the 
vibrational branching ratio. It is possible to discount this possibility by 
examining the CIS scans and branching ratio profile in greater detail. This 
comparison is performed in the bottom frame of Fig. 4.1.12, where the (0,0,0) and 
(1,0,0) scans are scaled to each other, and they are indistinguishable above 
20.5 eV — i.e., where the shape resonant contribution is greatest, but away from 
the autoionization feature. Also shown in Fig. 4.1.12 (top frame) is a comparison 
between the measured vibrational branching ratios and the Franck-Condon 
prediction. Fig. 4.1.12 demonstrates that the Franck-Condon principle is obeyed 
even in the region where the shape resonant contribution is greatest, provided 
that the lower energy autoionization resonance is sufficiently distant. Thus, the 
shape resonance is comparatively insensitive to the molecular geometry, which is 
consistent with the interpretation of the resonant trapping being highly localized.
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Fig. 4.1.12 Top: Comparison between the measured branching ratios and the 
Franck-Condon prediction. Bottom: Constant ionic state spectra for v ' =(0,0,0) 
and v '  =(1,0,0) levels of CS2+(B2EU+). The two CIS spectra have been scaled to 
each other.
There is another factor that may be partly or largely responsible for the 
insensitivity of this resonance to changes in the carbon-sulfur bond length. 
Calculations have shown that the wavefunction resonates in the eng channel [111], 
so the resonant contribution has a node along the internuclear axis. This will 
reduce the sensitivity of the resonant ionization dynamics to small changes in the 
molecular geometry that do not disturb the linearity of the molecule. This effect 
cannot be easily distinguished (experimentally) from effects arising from the 
possible atomic localization of the shape resonance. In a recent theoretical study 
on Cl2 photoionization [117], Braunstein and McKoy predicted an e?ru shape
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resonance that would be insensitive to changes in molecular bond length because 
of the node along the bond axis. Their discussion was sufficiently general that it 
may be possible to argue that any eir shape resonance will not cause dramatic 
deviations from Franck-Condon behavior (for stretching motions), as opposed to 
the behavior observed for ta  photoionization shape resonances. This has not been 
tested by experiment, and we believe that the present results on CS2 are the first 
vibrationally resolved data for any ir shape resonance, diatomic or polyatomic.
Another unusual feature of the 21 eV resonance is the narrow width 
(s 2 eV) of resonance features observed in figs. 4.1.8a and 4.1.8b, and this may be 
a signature of the degree of localization. Typical shape resonant widths are 
5 -  20 eV [1-8,29,30,27,28, and the results of SiF4 photoionization presented in 
the previous section], and the narrow width indicates that the e7rg shape resonant 
electron is strongly trapped in the field of the CS2+ ion, and has considerable 
amplitude within the ionic core. At first glance, this strong trapping leads one to 
expect strong deviations from the Franck-Condon approximation, as the 
photoelectron has sufficient time to "witness" the nuclear motion. However, it is 
clear from Fig. 4.2.11 that the Franck-Condon approximation is being obeyed, 
lending additional credence to the idea of atomic localization of the shape 
resonant electron, as well as the c?rg spectral assignment for the shape resonance.
In summary, our results tend to corroborate theoretical results from the 
study by Stratmann and Lucchese [111]. The shape resonance in the 5<ru-» 
channel of CS2 is rather insensitive to changes in molecular geometry. In 
particular, this result reinforces the point that ir shape resonances can behave 
qualitatively differently from a resonances. The present results are also 
consistent with the calculations that predict atomic localization of the resonant 
continuum wavefunction. In previous studies of N20  photoionization, the shape 
resonance is shown to be delocalized over the entire length of the molecule. So it
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appears that both extremes of localization have been observed experimentally, 
and the key point is that great care must be exercised in attempting to correlate 
shape resonance behavior with molecular geometry. The present work, in 
conjunction with previous efforts, should prove useful in determining how to 
discern such trends, as well as limitations on their reliability.
Conclusions
Vibrationally resolved photoionization data have been obtained for the 
5<ru-» e?rg photoionization of CS2 in the energy range 18 eV < hu < 30 eV. The CIS 
spectra for vibrational levels v' =  (0,0,0) and v' =  (1,0,0) of CS2+(B2EU+) show 
evidence of a shape resonance just above 20 eV. However, the shape resonance is 
not apparent in the vibrational branching ratio profile. These results are 
consistent with the picture that this resonance is atomic-like and relatively 
insensitive to changes in molecular geometry. However, the present results do not 
exclude other possible explanations. One possibility (in light of previous 
theoretical efforts [111]) is that the symmetry of the shape resonant wavefunction, 
etg, is the principal reason for the insensitivity of the resonance to the symmetric 
stretching vibration. Further work is required to clarify causes for the unusual 
behavior exhibited in the results presented here. Our data also indicate the 
presence of another resonance below 20 eV. The origin of this feature is not 
certain although it is likely that it arises from an autoionization resonance. The 
agreement between theory and experiment is promising above 20 eV.
The current results enlarge the growing database of vibrationally resolved 
results on polyatomic shape resonant photoionization dynamics. These results, by 
reflecting the diverse nature of shape resonances in polyatomic molecules, will 
serve as central guideposts for the much needed theoretical development in this 
area of molecular physics.
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4.2 Shape Resonance Mediated Continuum-Continuum Coupling
It is well known that resonances in one excitation channel can influence 
ionization continua in other excitation channels. Indeed, autoionization, a process 
in which nominally discrete states of one channel decay into alternative ionization 
continua, has been studied intensively for many years [1,2,15-17]. However, there 
has been very little study of how a continuum photoelectron in one ionization 
channel can influence the behavior of alternative ionization channels. In general, 
the interaction between the photoelectron and the residual bound electrons is very 
weak. This is because the continuum wavefunction is too diffuse for it to have a 
significant overlap with the bound state wavefunctions which are localized tightly 
within the ionic core. However, there are dynamical circumstances which can 
enhance the continuum wavefunction amplitude within molecular dimensions and 
hence, cause many-electron effects that are observable in photoionization spectra. 
This is clearly the case if the electron ejection is followed by the shape resonant 
trapping of the electron. Since a shape resonant photoelectron is quasibound with 
a large amplitude in the molecular core, the probability for a "collision" between 
the photoelectron and a bound electron is significantly enhanced. The 
accompanying transfer of energy via the l / r 12 Coulomb interaction between the 
two electrons may then cause the bound electron to be ejected into the continuum 
while the shape resonant electron is deexcited to its parent bound orbital. Thus, 
by means of this shape resonance mediated mechanism, it is possible for an 
electron in one continuum channel to influence dynamics of other ionization 
channels. Obviously, any attempt to investigate this multichannel aspect of the 
shape resonant photoionization must be based on a framework that takes electron 
correlations into consideration. The many-body aspect of the problem makes it 
complex and perhaps, it is this complexity that accounts for the fact that there
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have been very few efforts to study this phenomenon [31-36] since it was first 
indicated in molecules in the photoabsorption spectrum of SFfl near the sulfur 
L2_ 3 edge more than a decade ago [118]. The lack of efforts in this direction is 
unfortunate because it is likely that effects of continuum channel coupling are 
widespread due to the ubiquitous nature of shape resonances in molecular 
systems, and an understanding of the systematics of the channel coupling is 
essential in order to develop predictive capabilities in the study of fundamental 
molecular scattering phenomena.
It is only recently that shape resonance enhanced interchannel coupling is 
beginning to receive theoretical and experimental attention [6,31-36]. The 
investigation described here is an effort in this direction, and we address the 
problem by searching for an experimental signature of continuum coupling that is 
unambiguous and qualitatively revealing. This is accomplished by performing 
vibrationally resolved measurements on the final ionic state, in the same spirit as 
the single-particle phenomenon described previously [2,6,13,25-28,47,48,90]. 
Specifically, these studies attempt to characterize how continuum channel 
coupling influences molecular photoionization dynamics by determining the 
energy dependent behavior of vibrational branching ratios. Our results clearly 
demonstrate that the presence of a shape resonance in one photoionization 
channel can lead to non-Franck-Condon behavior of vibrational branching ratios 
in other photoionization channels. Such Franck-Condon breakdown can then 
serve to characterize the role of channel coupling in molecular photoionization 
and, at the same time, offer a stringent experimental test for theory. Moreover, 
as we will show, these results underscore the importance of obtaining 
vibrationally resolved data for investigations into molecular ionization dynamics. 
This is a strong impetus for the dispersed fluorescence measurements that are 
described below, as they are able to provide highly resolved data on the
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electronically excited photoions over a wide range of incident photon energies. 
This capability allows us to probe molecular aspects of the problem (i.e., 
vibration and rotation), which are intrinsically sensitive to resonant phenomena 
in molecular scattering.
4.2.1 2tru-1 Photoionization of N2 
Introduction
In this study, we report vibrationally resolved branching ratios for 2cru~l 
photoionization of N2 in an effort to elucidate fundamental aspects of shape 
resonance mediated continuum channel coupling. There are several reasons for 
choosing 2au' i photoionization of N2 for the present study. First, a diatomic 
molecule serves as useful prototype system because the independent particle 
behavior of shape resonant photoionization is very well understood for diatomic 
samples [2,6,13,25,47,48]. Second, theoretical studies have shown that the 2au~l 
channel in N2 does not support any shape resonances in the absence of continuum 
channel coupling [13,120,121]. Third, there is a well-characterized shape 
resonance in the 3crg-* eau ionization channel [25,29,30,58], so there is a possibility 
for the transfer of oscillator strength between the 30-g"1 and 2an' 1 ionization 
channels. Fourth, there have been previous high quality experimental [34,36] and 
theoretical [33,35] studies of channel coupling for this system. Thus, the results 
of the current study, in conjunction with the earlier work, are useful for 
elucidating how shape resonances in one ionization channel alter the behavior of 
other ionization channels.
In order to highlight the physical basis for shape resonance mediated 
continuum coupling, a mechanistic description of the process is given here and is 
illustrated schematically in Fig. 4.2.1. The well known 30g-* ecru [29,30,58] shape 
resonance occurs in the energy range studied, and the quasibound resonant
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Fig. 4.2.1 A schematic view of continuum channel coupling in N 2 
photoionization.
complex has significant amplitude within the ionic core. Thus, following shape 
resonant excitation of a 3 <xg electron into the continuum, the probability of a 
"collision" between the quasibound continuum electron and a 2 cru valence is 
enhanced, which can result in the ejection of the 2 a n electron while the original 
continuum electron returns to the 3cr„ vacancy. Thus, the interaction betweeno
the shape resonant electron and an electron in the 2 a u orbital can transfer shape 
resonant character from the 3<7g_1 channel to the 2<ru_1 channel [33-36]. 
Independent particle calculations have been performed using different 
calculational frameworks, and they have consistently shown tha t the 2(7U"1 
channels do not support any shape resonances [13,120,121]. To reinforce this 
point, we show results of one-electron multiple scattering model calculations of
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Fig. 4.2.2 Results of multiple scattering model calculations of photoelectron 
asymmetry parameter /? for the 2(7U~* photoionization of N 2 from reference [13].
The calculations neglect electron correlations and show no resonant activity in 
this photoionization channel.
the photoelectron asymmetry parameter (/?) for 2<ru‘1 photoionization of N2 from 
reference [13] in Fig. 4.2.2 . The photoelectron asymmetry parameter is constant 
over the entire energy range, thereby indicating absence of any resonant activity 
in this channel [13]. As a result, the Franck-Condon approximation dictates that 
the vibrational branching ratios for this channel should be independent of the 
excitation energy. Thus, we can infer that any variations that are observed in the 
vibrational branching ratios are due to the interchannel coupling of resonances, 
either autoionization of discrete states or continuum coupling of shape resonances.
As mentioned above, there have been previous studies on this system, both 
experimental [34,36] and theoretical [33,35]. However, experimental efforts have 
not been sufficient to test and guide the theory fully, and confusing gaps and 
discrepancies remain. We briefly recount the past work to place the current 
study into context. The first investigation into continuum channel coupling was
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Fig. 4.2.3 Error bars show experimentally determined values of photoelectron 
asymmetry parameter /? for the photoionization of N j (ref. [34]). Also
shown are the results of two—state coupled—channel calculations (ref. [35]) 
(dashed line). The excursion in j3 indicates the presence of resonant activity.
a theoretical study of N2 by Stephens and Dill [33]. They predicted the energy 
dependence of the photoelectron asymmetry parameter (3 of the 2<ju' 1 continuum 
electron with the nuclei fixed, and their calculations are performed using the 
coupled-channel multiple scattering model [33]. These calculations predicted a 
large excursion in the /? parameter at hi/exc « 35 eV. This work was followed by 
an experimental study on the v =  0 level of the 2<ru"1 channel [34], which indeed 
showed a variation in the /? parameter, although the resonant feature occurred at 
h^exc ~ eV, and the size of the dip in /? was much less pronounced than 
predicted [33]. These discrepancies were not viewed as significant, given that the 
calculations were performed at fixed internuclear separation, and that a model 
molecular potential was used. The results of this experimental study are shown in 
Fig. 4.2.3. The next advance emerged from a study by our group, which had 
sufficient sensitivity to measure the production of the v' = 0 and v' =  1 levels of
97
N2*(B2£u4) [36]. The vibrational branching ratio a(v' =  l ) /a (v ' =  0) for the 
N2+(B2£u+) state exhibited a resonant enhancement (« 10%) at hi/exc « 30 eV, and 
the energy position of this feature [36] coincided precisely with the experimental 
curve for the photoelectron asymmetry parameter shown in Fig. 4.2.3 [34]. 
Technical constraints limited this previous study [36] to photon energies below 
32 eV, which was unfortunate because the next theoretical study by Basden and 
Lucchese [35] predicted that the branching ratio would peak at higher energy, i.e., 
at 36 eV rather than at 30 eV. Equally serious was the discrepancy on the 
magnitude of the vibrational branching ratio peak. The experimental results [36] 
exhibited a small deviation from Franck-Condon behavior (« 10%), while the 
calculated excursion from Franck-Condon behavior was dramatically more 
pronounced (« 60%) [35]. These calculations employed the Schwinger variational 
method, which is usually accurate for small systems at the independent particle 
level of approximation [7]. Basden and Lucchese suggested that the experimental 
branching ratio curve terminated at too low a photon energy to observe the 
manifestations of the interchannel coupled shape resonance, and further, 
hypothesized that the feature observed at hi^exc« 30 eV was in fact an 
autoionization resonance [35]. For completeness, we note that their predicted 
position of the resonance in the curve of ft (v =  0) vs. energy [35] also appeared at 
higher energy than the experimental result [34], as shown in Fig. 4.2.3.
Thus, the present study provides new data to clarify these unresolved 
issues. First, this study extends over a much wider photon energy range than the 
previous study, enabling us to test the predictions of Basden and Lucchese for 
photon energies greater than 32 eV [35]. Second, we have now performed 
measurements on the a(v' = 2)/o(v' = 0) vibrational branching ratio, so that 
there will be additional information for comparison with theory. We have 
determined the vibrational branching ratios for the v' =  0, v' = 1 and v' — 2
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levels of the N2+(B2XU+) ion by measuring the relative intensities of fluorescence 
transitions originating from these levels. The excitation and fluorescence 
sequence used to monitor production of the vibrational levels of N2*(B2EU+) is 
summarized by Eq. 4.2.1, and is sketched in Fig. 3.1.1
N2[X‘Sg‘, v =  0] +  h*e„  — . Na* [B V .# ']  +  e '
i
IV [X 2Eg> ' ]  +  hvv , v„  4.2.1
The fluorescence intensity originating from level v' is a measure of the rate of 
production of that level, i.e., its partial photoionization cross section, a(v').
Results
Fig. 4.2.4 shows a portion of the fluorescence spectrum for N2+(B2Eu+,v' ——► 
X2E *,i/'') ,  and includes transitions originating from the v' — 0, 1 and 2 levels of
4->
*Hw
g
d
•H
a>oda>oma>
od
N2+ (B2EU+ .  X2S + )  v '= 0  • v"=  1
„'=1 -*v"=2
v ' = 2  ► v" = 3  
**+*******************
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Fig. 4.2.4 The vibrationally resolved fluorescence spectrum of N2+(B 2EU +). For 
this example, the incident photon energy is 32 eV.
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Fig. 4.2.5 Vibrationally branching ratios for N 2+(B 2EU4). The solid curve is the 
calculated prediction of reference [35].
N24(B2EU4). For the present measurements, the fluorescence bandwidth is 
adjusted to A A =  12 A. In order to determine the contribution of higher order 
radiation, we measured excitation spectra using an A1 metal foil filter to reject 
higher order radiation from the output of the excitation monochromator. This 
was useful at primary photon energies greater than 36 eV, as the A1 metal foil 
eliminates radiation with hz/exc > 72 eV, i.e., the higher order components. As a 
result, we could estimate the contributions of higher order excitation components 
to the observed fluorescence signal, and we found that the higher order radiation 
did not appreciably affect the vibrational branching ratio, presumably because the 
photoionization cross section for the N24(B2EU4) state is monotonically decreasing.
Figure 4.2.5 shows vibrational branching ratio curves determined by taking 
appropriate ratios of fluorescence intensities and a broad resonance is clearly 
visible in the a(2)/a(0) curve at h^exc « 30 eV. There is also a small peak in the 
branching ratio in the a(l)/u (0) curve, in good agreement with previous data 
[36], although the statistical scatter is greater in the current results.
< r(2 )/cr(0 )
■i i i i t t t  i i |
cr(l)MO)
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A pressure dependence was found for the v' =  2 curve, although not for the 
v' =  1 or v' = 0 curve. We found that the behavior of this curve was 
reproducible at any pressure at or below 10"4 Torr, and the data reported was 
obtained at pressures below 10"4 Torr for all scans. Even with this restriction of 
low sample densities, the experimental results are of sufficient quality to 
demonstrate the pronounced deviation from Franck-Condon behavior in the 
<t(2)/<t(0) branching ratio curve.
Discussion
Continuum channel coupling was described qualitatively in the introduction 
and illustrated in Fig. 3.1.1. We now extend this description to see how a shape 
resonance in one channel might affect the vibrational branching ratio for another 
continuum. More rigorous discussions may be found in the theoretical papers by 
Stephens and Dill [33], and Basden and Lucchese [35]. When a 3crg electron in N2 
is ejected into a ctru continuum channel with hvexc « 30 eV, the continuum 
electron is quasibound due to the temporary trapping by a potential barrier (in 
this case, a centrifugal barrier for the 1 = 3  partial wave [2,25]). The result is 
that the photoelectron has dramatically increased amplitude in the valence region 
of the other bound electrons, so the transition amplitude between the bound 
electron wavefunction and the continuum photoelectron is enhanced 
commensurately [1]. The trapping of the photoelectron is sensitive to the shape 
of the potential sensed by the photoelectron, which depends on the internuclear 
separation [1,25]. Another consequence of this electron being in this quasibound 
continuum orbital is an enhancement of the probability of a collision with an 
electron in the 2au orbital [33-36]. Let us suppose that the target molecule is 
frozen at some fixed internuclear distance, e.g., R = Re of the neutral ground 
state. When a 3<rg electron is excited into the quasibound eau shape resonance at
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the energy where the cross section is at a maximum, the continuum electron can 
"collide" with a 2au electron, and oscillator strength will be transferred to 2<ru"1 
channels. This process will have different probabilities for creating alternative 
vibrational levels of the 2<ju' 1 hole state because the vibrational wavefunctions for 
these levels will sample the internuclear distance, R  =  Re, in varying amounts. 
So let us hypothetically shift the internuclear distance slightly, e.g., to 
R  =  Re+ SR. In so doing, we have shifted the photon energy to a lower value 
where the cross section for ejecting the 3cg electron is at a maximum. At this 
lower peak energy, we can again couple the ScTg"1 and 2cru‘1 ionization continua. 
The vibrational levels being populated as a result of this transfer of oscillator 
strength at this lower energy will be different than at the higher energy, because 
the new internuclear distance (R = Re+ SR) is projected onto the vibrational 
wavefunctions of the N2+(B2EU+) in a different fashion than when R  =  Re. This 
qualitative reasoning leads to the key result, namely, that the interchannel 
coupled resonance will alter the vibrational branching ratios as a function of 
photon energy for the nominally nonresonant 2au'x channel.
The theoretical results [35] confirm our expectation that vibrational 
branching ratios for the N2+(B +EU+) state exhibit deviations from Franck-Condon 
behavior. However, the agreement between experiment and theory is not 
satisfactory. The results in Fig. 4.2.5 for the cr(l)/a(0) branching ratio show only 
a small deviation at hr/exc s 30 eV, indicating that the 3ag-» eau shape resonance 
is not strongly affecting this vibrational branching ratio. This contrasts strongly 
with theory [35], shown as the solid line in Fig. 4.2.4, which predicts a large 
excursion (> 60%) at hvexc a 35 eV. On the other hand, the a(2)/a(0) branching 
ratio shows significant non-Franck-Condon behavior, but calculations are not yet 
available for comparison.
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There are mechanisms other than shape resonances that might be 
responsible for the observed behavior in the vibrational branching ratios. For 
example, there are several shake-up states in N2* that have been observed in XPS 
[122]. It is possible that autoionization of Rydberg states converging to these 
excited ionic limits can appear as resonance features in the vibrational branching 
ratio spectra. Moreover, several of these multiply excited ionic states have 
binding energies in the range 25 eV < Eb < 45 eV [122]. However, such effects 
would be limited to a comparatively narrow energy range. The structure 
observed in the a(l)/a(v) curve is comparatively sharp and may be due to 
autoionization. However, the excursion observed in the cr(2)/cr(0) extends over a 
range of 15 eV and this large width is most consistent with the explanation of 
channel coupling of a shape resonance that was presented in the introduction.
If the peaks observed in the vibrational branching ratio profiles are indeed 
due to the interchannel coupled shape resonance, then we must conclude that 
there is something missing from the theoretical or calculational framework 
devised by Basden and Lucchese [35]. If, on the other hand, the features observed 
in Fig. 4.2.5 are due to an autoionizing resonance, a more puzzling question 
emerges — namely, why do we not see the excursion in the cr(l)/cr(0) ratio 
predicted by theory ?
The present results on the 2<tu_1 channel provide a stringent test for 
theoretical methods aimed at understanding continuum coupling. The cross 
section for direct photoionization into the 2<ru"1 channel is small, so channel 
coupling effects can have significant and dramatic effects on the partial 
photoionization cross section for the 2ou"1 channel [123]. Moreover, the cross 
section for the v' — 2 level is particular weak, so it is not surprising that the 
a(2)/a(0) ratio curve exhibits the most dramatic resonance effects in the present 
study.
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For completeness, we note that the angularly resolved photoelectron results 
for this system provide an independent test of theory, and that experimental 
photoelectron asymmetry parameters (i.e., /3’s) [34] do not agree satisfactorily 
with theory either [35] (Fig. 4.2.3). On the other hand, recent work on 
photoionization of C 0 2 has shown good agreement with theory for transfer of 
oscillator strength due to continuum channel coupling mediated by shape 
resonances [31,32], but this work was not vibrationally resolved. There is clearly 
something missing from the N2 studies, and this needs to be addressed as N2 is 
one of the most thoroughly characterized systems, experimentally and 
theoretically. Collectively, these results underscore the need for further studies of 
continuum channel coupling in molecular photoionization, as the results cannot be 
interpreted quantitatively without a picture of how resonance character is 
transferred between ionization continua. We hope that the current study on N2 
will provide additional impetus for characterizing and clarifying the role of 
channel coupling in shape resonant photoionization.
4.2.2 5cr~l Photoionization of CO 
Introduction
This section presents a vibrationally resolved study of the photoejection of 
the 4a electron of CO, which results in the formation of CO+(B2E+). The 
electronic configuration of the neutral CO molecules is KK(3cr)2(4cr)2(l7r)4(5cr)2 
[24]. We study 4CT'1 photoionization of CO because there have been extensive 
studies of the valence isoelectronic system of N2 [33-36] and, as we saw in the 
previous section, the current state of understanding is not satisfactory. The 
vibrational branching ratios calculated [35] for the N2+(B2£U+) state do not agree 
with experiment [36, and this work], and there is not a good agreement between 
the calculated [33,35] and observed [34] asymmetry parameter curve for ejection
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of the 2au electron in N2. Vibrationally resolved aspects of continuum coupling 
remain unclear, and CO appears to be an excellent prototype for developing an 
understanding of channel coupling, as shown below.
There is a well-characterized shape resonance in the CO 5<r~» ea ionization 
channel [47,48], so it is possible that oscillator strength can be transferred from 
the 5a-> ea to the 4<r-> ea ionization channel [31-36]. This process is illustrated in 
Fig. 4.2.6. When a 5a electron is excited into the ea ionization continuum at 
hz/exc « 29 eV (i.e., the resonance energy), it is trapped by a shape resonance 
[47,48]. Consequently, the probability of a "collision" between the continuum 
electron and a 4cr valence electron is enhanced. This interaction between the 
continuum electron and an electron in the 4cr orbital can result in the ejection of 
the 4a electron with simultaneous deexcitation of the shape resonant electron to
EXCITE 5 a  ELECTRON CONTINUUM COUPLING 4 a - 1 STATE
INTO SHAPE RESONANCE 5 a  ^  - *  4 a  FLUORESCES
'vac vac
Fig. 4.2.6 A schematic view of continuum channel coupling in CO 
photoionization.
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the 5 a vacancy. The interaction between the continuum shape resonant electron 
and the bound 4a valence electron transfers oscillator strength to the 4a 'x 
ionization continuum, thereby altering the ionization dynamics for photoejection 
of a 4<t electron. In particular, we expect that vibrational branching ratios for the 
CO+(B2Ef) state will be influenced, as we attempt to demonstrate in the present 
study.
The excitation and decay sequence pertinent to the current study is 
summarized by Eq. 4.2.2.
COp^E*, v =  0] +  hi/exc — ♦ CO+[B2E+, r ]  +  e-
I
C O 'f X ^ V ']  +  buv, v, ,  4.2.2
Ground state CO molecules are photoionized to alternative vibrational levels of 
CO+(B2E+) and the excited ions decay to the (X2E+) state via fluorescence. In this 
study, we focus our attention on fluorescence transitions originating from v' = 0, 
v' — 1 and v' — 2 vibrational levels of excited ionic state.
Results
Fig. 4.2.7 shows the vibrationally resolved CO+(B2E+, ^ '— ►X2S*,n") 
fluorescence spectrum relevant to the present study, and transitions of interest 
are labelled. By taking ratios of intensities for fluorescence transitions originating 
from alternative vibrational levels, we generate vibrational branching ratios, 
a(v' =  2)/a(v ' =  0) and a(v' =  1 )/a (v ' =  0), as a function of the excitation 
energy. Figs. 4.2.8 and 4.2.9 show branching ratios a ( 2 ) / a ( 0 )  and a ( l ) / a ( 0 ) ,  
respectively, and their non-Franck-Condon variation with the incident photon 
energy is evident.
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.2.7 The vibrationally resolved fluorescence spectrum of C O +(B 2E+).
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Fig. 4.2.8 Bottom frame: CO+(B 2E+) rr(2)/<7"(0) branching ratio curve that 
results when a 4(7 electron is ejected from CO. Top frame: experimentally 
determined C O +(X 2E+) (r(2)/<r(0) branching ratio resulting following ejection of a 
5(7 electron (from reference [48]).
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Fig. 4.2.9 Vibrational branching ratio «r(l)/c(0) for CQ +(B 2E+).
Discussion
A broad resonance is clearly visible at hi/exca 37 eV in both branching ratio 
curves. The most likely interpretation of this large peak is that it is due to a 
shape resonance for the direct ejection of the 4a electron, which has been 
predicted [102,124] and observed in previous vibrationally unresolved work 
[125,126]. It is interesting to note that this shape resonance is not observed in the 
2<ru_1 photoionization of N2. This is explained by the fact that the shape 
resonance in the eau continuum channel of N2 is inaccessible from the 2<ju level 
owing to the u —> g selection rule, whereas there is no such restriction for CO [24]. 
The lack of inversion symmetry in CO allows stronger anisotropic interaction 
between the photoelectron and the ionic field through A l =  ±1 couplings which 
are forbidden in N2.
The feature that is of interest in the present study is the broad shoulder 
that is clearly visible at hi/exc « 29.5 eV on the low energy side of the strong peak 
in the a(2)/a(0) curve. This is approximately the energy for the 5a-t ea shape
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resonance peak in the a(v =  2)/a(v  =  0) curve (for the ground state ion), as 
illustrated in the top frame in Fig. 4.2.8 [47,48]. From these observations, we 
infer that the shoulder observed in the 4 a '1 channel is due to the transfer of 
oscillator strength from the 5a-> ea shape resonance. This result clearly requires 
theoretical work for comparison and verification, but the empirical evidence 
provided in Fig. 4.2.8 is strongly compelling. There is also some resonant activity 
visible in the a (l)/a (0 ) curve in the same energy range, albeit the effect is less 
prominent than that observed for a(2)/a(0) ratios. This is in line with our earlier 
assertion that weak channels are the ones that are most dramatically affected by 
resonant behavior and that highly resolved data are useful for accessing such weak 
channels.
We have considered other resonant phenomena that might be responsible 
for the feature at hi/exc » 29.5 eV. Indeed, there are other resonances in this 
spectral region, but they are not likely candidates [59,127-130] for the resonance 
observed in the present study. There have been both observations [127] and 
calculations [128] on Rydberg states converging to the F2n and G2E states of 
CO+, and they appear in the spectral range 25 eV < hi/exc < 33 eV. There is 
substantial configuration mixing for these states and consequently, it is difficult 
to assign unambiguous electronic configurations to them [128]. However, it is 
clear that they involve multiple electron transitions and are consequently weak 
[127,128]. The weakness of transitions to these Rydberg states is one reason that 
they are unlikely candidates for the observed feature at 29.5 eV. Moreover, the 
absorption profiles for these Rydberg excitations are narrow (< 0.3 eV [127]) 
relative to the width of the a(2)/a(0) feature centered at 29.5 eV (FWHM a 
3 - 4 e V ) .  Finally, these highly excited states frequently decay via dissociative 
pathways (see, for example, refs. [59,129,130]). While we cannot state 
unequivocally that these Rydberg states are unrelated to the observed results, this
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appears unlikely for these reasons stated above. In addition, it is expected that 
continuum coupling can affect vibrational branching ratios significantly [35], and 
this lends additional credibility to the hypothesis that continuum coupling is the 
mechanism responsible for the resonance at 29.5 eV.
Although the 5 a"1 shape resonance appears to be the main mechanism 
responsible for the observed channel coupling, it is useful to note that the current 
results may not be accounted for solely by this shape resonance. Both the 
experimental data [48] and theoretical studies [47] of the 5cr_1 photoionization of 
CO suggest that there is a subtle and physically important interplay between the 
5a '1 shape resonance and an autoionizing resonance that occurs in very close 
proximity (<  5 eV) [47,48], and it is this interplay that would finally determine 
photoionization dynamics of the 5a"1 channel [47,48]. As a result, to obtain a 
complete picture of the coupling of this channel with the 4 a"1 channel, theory may 
have to take into account physical effects that may be associated with the overlap 
of a shape resonance with an autoionization resonance. However, this hypothesis 
is speculative without theoretical results to interpret the current data. In this 
context, our N2 study provides a complementary data set, as the peak of the 3cr -1 
shape resonance in N2 lies about 14 eV above the analogous autoionization feature 
[128,131] and is not affected by it.
The probable mechanism by which continuum coupling of a shape resonance 
can influence vibrational branching ratios has been already discussed in the 
previous section on the N2 photoionization. The key point is that the trapping of 
the continuum electron ejected from the 5cr orbital is strongly dependent on the 
internuclear separation [1]. This is generally true for shape resonant ionization, 
and is also corroborated for the specific case of CO 5a '1 photoionization by 
calculations that show deviations from Franck-Condon behavior [47], as well as 
by results of recent experiments (top frame of Fig. 4.2.8; ref [48]). In other
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words, the photoionization dynamics of the 5a-* ea channel depend strongly on 
the internuclear separation in this resonance region, so this dependence on 
internuclear separation can be transferred to the 4a"1 continuum as oscillator 
strength is transferred via continuum coupling. The present data motivate 
theoretical investigation of such i?-dependent (i.e., vibrationally resolved) aspects 
of continuum coupling and also serve as a stringent test for existing theoretical 
frameworks attempting to explain this issue. The experimental evidence shown in 
Fig. 4.2.8 may help to resolve the discrepancy between experiment and theory, as 
is the case for N2, and lead to a more complete understanding of fundamental 
aspects of continuum channel coupling in molecular photoionization.
The specific goal of this study is to characterize how the 5a-» ea resonance 
influences CO+(B2E+) vibrational branching ratios. In addition, these data 
contain another result that may be relevant to the general problem of 
vibrationally resolved aspects of channel coupling. Specifically, figs. 4.2.8 and 
4.2.9 show a strong resonance at h^exc « 37 eV that is likely due to the direct 
shape resonant ejection of the 4a electron. It is possible that this shape resonance 
can transfer oscillator strength to the 5c"1 ionization channel. In other words, it 
may be that the oscillator strength is not only being transferred from the 5a-"1 to 
the 4a"1 continuum (hz/exc a 29.5 eV; see Fig. 4.2.8), but that the reverse transfer 
is also taking place at hz^ exc ri 37 eV. This could be manifested as an excursion in 
the ground state CO*(X2E*) vibrational branching ratio. Photoelectron 
spectroscopy measurements have been performed recently on the CO 5 a '1 
channel, and there may be evidence that the 5 a '1 vibrational branching ratios are 
influenced by the 4a"1 shape resonance [48]. Thus, it appears that CO 
photoionization is an excellent testing ground for clarifying fundamental aspects 
of continuum channel coupling.
I l l
In conclusion, we have found evidence that one molecular ionization 
continuum (5cr-» ea) can communicate with another (4a-* ea), and that shape 
resonant ionization mediates this continuum channel coupling. Moreover, these 
results show that the ionization dynamics of the affected channel (4a-> ea for this 
study) can be altered significantly, as evidenced by excursions from 
Franck-Condon behavior in the vibrational branching ratio. This highlights the 
utility of vibrationally resolved measurements for elucidating molecular 
photoionization dynamics in general, and continuum channel coupling phenomena 
in particular.
4.3 RotationaJlv Resolved Fluorescence as a Probe of Molecular Ionization 
Dynamics: 2<r11"1 Photoionization of No
Introduction
Rotationally resolved aspects of molecular photoionization have attracted a 
great deal of attention for many years [37—44,119,132—134] because such highly 
resolved data intimately probe the anisotropic scattering of photoelectron in 
molecular photoionization. Specifically, such data contain information about the 
transfer of angular momentum from the incident photon to the molecular target, 
and its subsequent partitioning between the photoelectron and photoion 
[37-44,119,132-134]. This information is most valuable to fundamental 
understanding of molecular scattering dynamics, as the angular momentum 
partitioning within the [photoion +  electron] complex is expected to be extremely 
sensitive to interactions between the outgoing photoelectron and anisotropic ionic 
field. Such an understanding complements angular momentum selection rules 
governing the photoionization process [24,134], These selection rules merely 
determine the total amount of angular momentum that is transferred to the
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target on absorption of a photon [24,134] and hence, do not provide a detailed 
insight into dynamical aspects of the ionization process.
The aforementioned partitioning of the angular momentum is reflected in 
the partial wave composition of the outgoing photoelectron, and can be probed by 
monitoring the distribution of angular momentum among photoions [37-44,119, 
132-134]. A corollary to this is that rotationally resolved data can help to 
characterize and identify resonances because the partial wave composition of a 
photoelectron changes in the vicinity of a resonance [11]. This is a particularly 
useful tool for studying features such as Cooper minima and shape resonances 
which are typically associated with strong modulation of a single partial wave at 
the resonance energy [38,39,133]. Furthermore, numerous studies have shown 
that changes in the rotational angular momentum of a diatomic molecule upon 
photoionization can provide valuable propensity rules for dynamical features in 
molecular photoionization [37-44,133,134]. Finally, it is possible to obtain 
information on the interplay of electronic, vibrational and rotational degrees of 
freedom during photoionization by studying ionic rotational branching ratios as a 
function of the ionic vibrational state. This has been clearly demonstrated for 
photoionization from Rydberg states, which evolve from one electronic symmetry 
to another with changes in the internuclear distance [135].
The practical difficulties associated with obtaining rotationally resolved 
photoionization data have been discussed previously. Owing to exacting 
standards required for such experiments, most studies in the past have relied on 
resonance-lamp excitation [132]. Although these studies generated much useful 
information, they had limited scope since they lacked tunability to probe across 
ionic continua. However, there has been renewed interest in this direction 
spurred by experimental innovations with both lasers and photoelectron spectros­
copy, and this has led to a renaissance in rotationally resolved studies of
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molecular photoionization. Examples of these include photoelectron spectroscopy 
following resonance enhanced multiphoton ionization [39-41], laser-induced 
fluorescence from photoions [42], zero-kinetic energy photoelectron spectroscopy 
[43] and pulsed field ionization spectroscopy [37,44]. However, these studies too 
are limited to a narrow range of excitation energies owing to the limited 
tunability of lasers. Moreover, there are constraints on the photoelectron energy 
resolution at higher kinetic energies and these preclude rotational resolution [45]. 
The present study circumvents this problem and shows the first complete data set 
of a complementary method that is capable of generating rotationally resolved 
data over a large spectral range. Specifically, the results reported here demon­
strate that rotationally resolved photoionization data can be accessed over a 
broad spectral range by using dispersed fluorescence detection from electronically 
excited photoions that are created by using synchrotron radiation as the exciting 
source. As demonstrated already, this strategy has been successfully exploited in 
studies where it was necessary to generate vibrationally resolved data over a wide 
range of excitation energy. This pilot study clearly brings forth the ultimate 
potential of dispersed fluorescence measurements as high resolution probes of 
molecular photoionization.
The present results complement a large body of related rotationally resolved 
studies using electron-impact ionization coupled with dispersed fluorescence 
detection [136-138, and references therein]. Many of these experiments were 
performed in order to determine the rotational and translational characteristics of 
supersonic molecular beams (see, for example, [136,137]). However, the 
interpretation of such studies has been hindered by the fact that exciting electrons 
can have many possible values of angular momenta depending on their kinetic 
energy [11,136-138]. By using photoionization as the means of creating ions, we 
restrict the excitation channel to dipole transitions only and simplify the
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interpretation commensurately [11]. In particular, the present data are of 
sufficient quality to highlight both resonant and nonresonant aspects of the 
photoionization process, which proves to be useful in extending the interpretation 
of previous electron-stimulated studies.
In this study, we measure intensities of rotationally resolved fluorescence 
transitions from N2(B2EU+) photoions (formed via N2 2o^ '1 photoionization, I.P. =  
18.76 eV) for incident photon energies in the range 19 < hi^exc < 35 eV. 
Furthermore, we present rotational distributions of N2+(B2EU+) photoions in both 
v' = 0 and v' = 1 vibrational levels. Because 2au~l ionization of N2 was used in 
electron-impact studies and in a limited photoionization study [119], the current 
results provide useful comparisons. Although it is not possible to select the target 
state undergoing ionization as in REMPI [39-42], the use of a free-jet supersonic 
expansion (backing pressure P s =  150 psig, 70 /xm nozzle, chamber pressure =  
1 x lo -4 torr) limits the number of initial states to a few [84-88]. The 
excitation/fluorescence sequence for the present study is
N2[X‘Eg>  =  0] +  . N21[B!EuV ,A r'] +  e-
1
N2,[XsEg‘, # " 1t f " ]  +  *vN , N , ,
4.3.1
Here v and N  denote the vibrational and rotational angular momentum quantum 
numbers, respectively. As in vibrationally resolved studies, the number of excited 
ions with rotational angular momentum N ' is proportional to the intensity of the 
fluorescence transition originating from rotational quantum state N '. This result 
is rigorously derived in reference [138].
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Fig. 4.3.1 The rotationally resolved fluorescence spectrum of N 2+(B 2SU+) 
photoions at excitation energy hl/exc =  20 eV
Results
Rotationally resolved spectra of the N2+(B2EU+ — ► X2Sg+) fluorescence band 
are obtained in the excitation energy range 19 < h^exc < 35 eV, and Fig. 4.3.1 
shows a typical spectrum. We focus our attention on the more highly resolved 
R-branch. Note that the spectroscopic assignments [e.g., R(0), P(l)] refer to 
transitions between the excited and ground states of the ion, and not to 
transitions between the neutral target molecule and the excited ion. The 
population n^-, of a rotational level N' is related to the intensity ^ , ,  of the
fluorescence from the level N' to N ' ' as follows [138]
„ ^ N '  N '  'n N, =  (2 N' +  1).— — -2—  4.3.1
A K S ^ ' d
where S = N' (R-branch transition), S =  N  + 1 (P-branch transition) are 
Honl-London factors [24], d = 2 (for odd N '), d =  1 (for even N ')  take into
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Fig. 4.3.2 Determination of the rotational temperature of N 2+(B 2EU+) photoions 
from a plot of ln[n^y/ / ( 2 l\T/ +  1)] versus N '(N ' + 1); T = 30.4 K for this 
example.
account the unresolved spin degeneracy of the N ' level [24,138], and K is a 
constant. To analyze our data we assume a Boltzmann function for the 
distribution of the N ' > 1:
n ^ , =  C.(21V+ l).exp[-B y /N '(N ' + l)/kT ] 4.3.2
where C is a normalization constant, B^, is the u'-dependent rotational constant 
of N2+(B2EU+), k is Boltzmann’s constant, and T is the ionic rotational 
temperature. This parameterization is quite adequate, as illustrated in Fig. 4.3.2 
which shows a linear fit of ln[n^-,/(2AT' +  1)] versus N '(N ' +  1). We attempt to 
understand microscopic aspects of excitation and ionization dynamics by plotting 
the ionic temperature as a function of the photon energy (or alternatively, the 
photoelectron kinetic energy). Fig. 4.3.3 shows plots of rotational temperature 
versus photon energy for v' = 0 and v' =  1 vibrational levels, and data are
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Rotational temperature of the N 2+(B^EU+) photoions as 
in energy. Top frame: photoions in V' =  0 level. B< 
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Fig. 4.3.4 Comparison of the energy dependence of rotational temperatures of 
V '  =  0 and V '  =  1 states of N 2+(B 2EU+). The curves are not fits to data but 
are meant to guide the eye.
plotted in a single frame in Fig. 4.3.4 to emphasize the differences between the 
v' =  0 and v' =  1 results.
Discussion
The results shown in Fig. 4.3.3 lend themselves to some qualitative 
observations. Both the v' =  0 and v' — 1 results are sensitive to resonant and 
nonresonant effects in the photoionization process. In particular, the v' = 1 
results illustrate the major points most clearly. There is a decrease in the ionic 
rotational temperature over the whole energy range, as was also observed over a 
similar energy range in the electron scattering studies. There is clearly (at least) 
one resonant dip at hi^exc « 22.5 eV (see Fig. 4.3.4), which is the position of a 
previously reported autoionization resonance [119,128,131]. The nonresonant 
decrease in rotational temperature near threshold is similar to the behavior 
observed for electron-impact ionization [138]. In the case of electron impact
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studies, it is not clear whether the nonresonant temperature decrease near the 
threshold is the result of non-dipole excitation processes, or is due to the 
exchange of angular momentum between the photoelectron and photoion [138]. 
The current results are restricted to dipole excitation, and therefore demonstrate 
that angular momentum is being exchanged between the electron and ion in this 
low energy regime. There are several factors that might be responsible for the 
nonresonant behavior observed at lower energies. Polarization measurements 
have shown that the eirg/ea g ratio is changing in this region [71,72], and it is 
possible that the observed rotational distributions are simply changing with the 
ratio of dipole strengths to the degenerate ionization channels. It is also possible 
that the changing I composition in one or both of these channels is contributing to 
the dependence of the rotational temperature on photoelectron energy. Finally, it 
could be that the transfer of angular momentum between the photoelectron and 
the photoion occurs more effectively for low photoelectron kinetic energies [138]. 
All of these possibilities require further exploration, but the key result illustrated 
by these data is that the rotational angular momentum of the ion is a function of 
the photoelectron kinetic energy. The outgoing electron, as it interacts with the 
anisotropic molecular field, can exert sufficient torque to alter the rotational 
motion of the much more massive molecular ion.
It is useful to compare the present results with data from the only previous 
photoionization study [119]. In that earlier study, a constant ionic state spectrum 
was generated for the N' = 5 level of N2+(B2Su+,'y/ =  0) photoions, and a plot of 
I[R(4)]/ Ifband] was thereby obtained as a function of excitation photon energy. 
By observing that this ratio varied with photon energy, the previous study 
demonstrated that the photoionization dynamics affect the rotational angular 
momentum of the photoion [119]. The agreement is very good between the 
previous results and the data in the top frame in Fig. 4.3.3. However, the current
120
work makes three important advances. First, we now have a description of the 
dependence of rotational temperature on the photoelectron energy, and this 
enables comparisons with theory. Second, we have significantly extended the 
energy range studied. The previous experiments were limited to photon energies 
below h^exc« 23.4 eV because of experimental limitations [119]. By extending the 
spectral range, the current study indicates that both resonant and nonresonant 
factors are influencing the rotational temperature distribution of the electronically 
excited ions. Third, experimental advances permit data acquisition for weaker
vibrational channels, including the v' =  1 level in the current study. The
comparison between the v' =  0 and v' =  1 results in Fig. 4.3.4 indicate that 
different vibrational levels sense the resonant contributions to varying degrees 
(particularly at hz/exc « 24 eV), and there are apparent, but statistically tenuous, 
differences in some of the nonresonant aspects, such as the temperature
differences near threshold. This ability to probe the rotationally resolved
behavior for weaker vibrational channels will be very useful in future studies on 
shape resonant ionization dynamics, as weaker vibrational channels are frequently 
those most dramatically affected by shape resonant ionization. It is important to 
stress that the results plotted in figs. 4.3.3 and 4.3.4 exhibit sensitive and 
reproducible results over a very small range of temperatures, further emphasizing 
the sensitivity of dispersed fluorescence for molecular photoionization studies.
Conclusion
Rotationally resolved data have been obtained for the 20-u_1 photoionization 
of N2 in the photon energy range 19 < h^exc < 35 eV. The data are affected by the 
presence of non-resonant and resonant features in the ionization continuum. 
These results demonstrate that studies of rotationally resolved fluorescence 
following photoionization complement existing laser-based methods and electron
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scattering studies. By covering broad spectral ranges, dispersed fluorescence 
measurements are suitable for survey studies that are capable of characterizing 
molecular photoionization dynamics in more detail, such as those for shape 
resonances. Secondly, by using synchrotron radiation excitation and restricting 
the excitation process to dipole transitions, this work complements electron 
scattering studies which can have both complex excitation and scattering aspects. 
Finally, such studies are particularly timely, as they have the potential for 
serving as very useful guides to theory. There has been substantial theoretical 
and calculational progress [37,38,132-135, and references therein] in treating the 
scattering dynamics realistically and we have shown that rotationally resolved 
dispersed fluorescence can be a useful resource in future studies of molecular 
ionization processes. We are currently analyzing these results in greater detail so 
as to guide the theory to build a rigorous model for the molecular photoionization 
process.
5. CONCLUSIONS
We have used measurements of dispersed fluorescence from electronically 
excited photoions to obtain highly resolved photoionization data that highlight 
"half-scattering" aspects of intramolecular dynamics. In particular, our 
vibrationally resolved data probe coupling between the electronic and nuclear 
degrees of freedom by studying the distribution of vibrational energy among 
photoions. Vibrationally resolved branching ratios are measured over a broad 
spectral range and their non-Franck-Condon behavior is used as a tool to 
investigate two diverse aspects of shape resonant photoionization. In the first 
problem, vibrational branching ratios are obtained for the SiF4 5^ '*  and CS2 
5tru_1 photoionization channels to help characterize the role of shape resonances in 
polyatomic molecules. In the second problem, the multichannel aspect of shape 
resonant photoionization dynamics, reflected in continuum channel coupling, is 
investigated by obtaining vibrational branching ratios for the 2<ru~l and 4a '1 
photoionization of the isoelectronic molecules N2 and CO, respectively. We also 
present the first data set of rotationally resolved data over a wide energy range for 
20-y'1 photoionization of N2. These data probe the partitioning of the angular 
momentum between the photoelectron and photoion, and highlight the multi­
center nature of molecular potential.
The results of these case studies illustrate the utility of dispersed 
fluorescence measurements as an useful complement to photoelectron 
spectroscopy for obtaining highly resolved data for molecular photoionization. 
This method makes it possible to probe intrinsically molecular aspects of 
photoionization dynamics, such as the vibration and rotation, over an extended 
spectral range when used in conjunction with the synchrotron excitation. By 
detecting a fluorescence photon instead of a photoelectron, the technique
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decouples the detection resolution from the bandwidth of the exciting radiation. 
This is the key to obtaining vibrational/rotational resolution in synchrotron 
radiation based studies of molecular photoionization. The broad bandpass of 
synchrotron radiation, which is the sole source of tunable excitation over the 
required range in the vacuum ultraviolet spectrum is comparable or even greater 
than the typical vibrational and rotational level spacings in molecules and hence, 
must be prevented from affecting the detection channel. Our results demonstrate 
that fluorescence measurements circumvent this difficulty and allow us to exploit 
the powerful tunability of synchrotron radiation for studies of molecular 
photoionization. Furthermore, the high resolution made available by this 
technique provides us high selectivity for accessing weaker ionization channels 
which are the ones strongly affected by resonant activity, and our case studies 
repeatedly stress the importance of this capability in discovering and deciphering 
new trends in resonant molecular ionization dynamics.
The results for polyatomic shape resonant photoionization have strong 
implications for efforts in surface and materials science to study structural aspects 
of adsorbate molecules on catalytic surfaces. In particular, they are especially 
relevant to investigations that employ shape resonances in the Near Edge X-ray 
Absorption Fine Structure (NEXAFS) as probes of molecular geometry. For 
example, there have been NEXAFS studies based on the premise that a 
polyatomic shape resonance can be assigned to a specific bond in the molecule, 
and that it is then possible to correlate the shape resonance energy position to the 
bond lengths. Our results for the photoionization of CS2, in conjunction with 
earlier studies of N20 , clearly show that such correlations may not, at the least, 
be universally valid. Whereas the N20  results indicated that the shape resonant 
wavefunction is delocalized over the entire molecular framework and cannot be 
assigned to either N-N or N -0  bond, the CS2 results are consistent with the
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picture of an atomic-like shape resonance that is relatively insensitive to changes 
in molecular geometry. Another unusual aspect of the 5^u_1 shape resonance of 
CS2 is its £Tg symmetry, e t  shape resonances are quite uncommon, and it is 
usually taken as dogma in NEXAFS studies that shape resonant wavefunctions 
resonate in an ea continuum. So, great caution must be exercised in attempting 
to correlate shape resonance behavior with molecular geometry for polyatomic 
systems. The present work, in conjunction with previous efforts, should prove 
useful in determining how to discern such trends, as well as limitations on their 
reliability.
The current results confirm our assertion that vibrationally resolved studies 
of polyatomic shape resonant photoionization can demonstrate the diverse nature 
of these resonant features. Both the SiF4 and CS2 results emphasize the need for 
additional theoretical effort to develop predictive capabilities for polyatomic 
shape resonances. Our studies can provide definitive and unambiguous data for 
aiding and evaluating such theoretical efforts. These results also suggest new 
avenues for further experimental investigation. We can gain additional insights 
into shape resonant dynamics by testing its response to alternative vibrational 
motions. This strategy was found to be particularly useful in previous 
investigations of shape resonant photoionization of NgO [27,28,90] and might be 
effectively exploited in the case of CSg. In particular, it is possible to study hot 
band excitation of vibrationally excited bending CSg molecules for comparison 
with photoionization of vibrationally cold target molecules, as has been done 
previously in studies of autoionization resonances in N2O [139]. It is also possible 
to study the v' =  (0,2,0) level of CS2*(B2SU*) which is accessible from the ground 
vibrational state of the neutral molecule. This may be especially useful because 
the CS2 shape resonance is a C7rg resonance, and consequently has an angular node 
along the chemical bond. One might expect the bending motion of the molecule
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to affect the shape resonant dynamics strongly, and comparisons with the bending 
branching ratios for ea shape resonances in other triatomic systems should be 
particularly useful. In a related vein, it should be possible to obtain a spectral 
signature for the shape resonance by measuring the degree of linear polarization of 
the fluorescence [73-75]. In fact, this might be useful for testing the hypothesis 
that there is more than one resonance in the 5«ru_1 ionization channel of CS2, as 
suggested by the data presented in this dissertation.
The present vibrationally resolved data for the N2 2<ru' 1 and CO 4a'1 
photoionization demonstrate that the Franck-Condon breakdown in molecular 
photoionization provides qualitatively a revealing signature of shape resonance 
mediated continuum channel coupling. It is emphasized that shape resonances in 
one ionization channel may affect ionization dynamics of other channels. This 
interchannel coupling is reflected in the excitation energy dependent behavior of 
vibrational branching ratios for affected channels. The ability of shape resonances 
to transfer oscillator strength from one ionization channel to another suggests 
that these resonances may play a much wider role in molecular photoionization 
than that envisioned so far. This is evident in our data for the 2au'1 
photoionization of N2. Theory has shown that this channel does not support any 
resonance when electron correlations are neglected. This is contrary to the 
experimental evidence provided by the current study. Furthermore, the 2cru-1 
ionization is a very weak channel for the direct photoionization of N2 and channel 
coupling affects this channel dramatically. The data for the isoelectronic system 
CO also show evidence of channel coupling in the 4a'1 channel, but there are no 
theoretical calculations available for comparison. Collectively, these data 
underscore the need for further studies of continuum channel coupling in 
molecular photoionization, and should serve to guide further theoretical 
development in this field by being its stringent test owing to their high
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selectivity. This is especially important in view of the fact that the concept of 
valence-hole/valence-hole coupling, as demonstrated in above studies, can be 
extended to obtain iZ-dependent information on photoionization leading to 
formation of core-hole states [140,141]. Vibrationally resolved data for core-hole 
excitations are difficult to obtain owing to several constraints, both intrinsic and 
experimental.. The lifetime broadening of the core-hole state can easily wash out 
the vibrational structure of photoelectron spectra [140,141]. Also, the energy 
range required for creating a core-hole state necessitates using high energy 
synchrotron radiation which has very broad bandpass and hence, precludes highly 
resolved photoelectron measurements [140,141]. However, the evidence of shape 
resonance mediated transfer of oscillator strength from one ionization channel to 
another suggests an alternative method. Specifically, a corollary of our results is 
that the transfer of shape resonance character to nominally non-resonant 
ionization channels can be exploited to gain iZ-dependent information on the 
channel which is sharing its shape resonant character [140,141]. This can be of 
great utility in elucidating molecular aspects of core-hole excitations as 
illustrated by the vibrationally resolved data presented in this dissertation.
Finally, rotationally resolved data for the 2<tu"1 photoionization of N2 
clearly demonstrate that partitioning of angular momentum between the 
photoelectron and the photoion depends on the ionization dynamics as it is a 
function of the photoelectron kinetic energy. The photoelectron, as it traverses 
the ionic core, can exert torque on the much more massive photoion and change 
its angular momentum. The ionic rotational distributions obtained in this study 
probe this partitioning of the angular momentum and hence, provide valuable 
information on electron scattering by non-central, but more natural and 
widespread, potentials. By their nature, these distributions also contain 
information on the parti ill wave composition of the outgoing electron and we plan
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to exploit this to study and characterize features such as shape resonances and 
Cooper minima in molecular photoionization. Furthermore, the present study is 
useful for interpreting the results of a large body of rotationally resolved 
electron-impact ionization studies as they restrict angular momentum exchange 
between the incident projectile and target to unity. The current results also 
complement numerous laser based studies that are able to probe only 
near-threshold processes but offer greater state selectivity. This study shows that 
features embedded deep in the ionization continua of molecules can be probed by 
dispersed fluorescence measurements that are able to access highly resolved 
photoionization data over a broad spectral range with synchrotron radiation 
excitation. Such results, as we have already seen, are necessary even for a 
qualitative understanding of the role of the vibrational and rotational motion in 
molecular photoionization, and can serve as a foundation for efforts aimed at a 
deeper understanding of molecular photoionization dynamics.
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APPENDIX A
Estimating Incident Photon Flux
Picoammeter reading ~ 10 "8 A =  10"8 C s'1 =  10"8 * ---------------electrons s '1
1.6 x 10-19
The efficiency of the photodiode ~ 10%, i.e. for 10 photons that are incident on 
the photocathode, one electron is finally detected at the anode. Then, the number 
of photons incident per second is
~ ------- ---------- x 10 ‘8 x  i electrons s"1 ~ 1012 photons s_1
1 e lec tron  1.6 x 10"19
10 photons 
The cross section of the beam ~ 0.01 cm2.
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APPENDIX B
Quantitative Analysis of Vacuum Considerations
We first briefly review elements of vacuum science used to characterize gas
flow.
Pumping speed S: The volume rate of gas flow through an aperture or across a 
cross section is defined as the pumping speed at that point. The capacity of a 
vacuum pump is the pumping speed Sp at its inlet.
Throughput Q: The product of the pressure P and speed S at any point in the 
vacuum system is called the throughput:
Q = PS (torr-liter s '1) B .l
Here the pressure and speed are measured at the same point, as they vary 
throughout the system. The mass rate of flow through a vacuum system is 
proportional to its throughput. Therefore, the throughput is same at every point 
in a vacuum system having only one gas source.
Conductance C: In analogy with Ohm’s law for electrical circuits, in vacuum 
science the conductance is the ability of a tube to transmit gas. The throughput 
(e current I) of a tube is the product of the conductance of the tube and the 
driving force, which is the pressure gradient (= voltage V) across the tube:
Q = ( P , - P 2) C  ( P , > P s) B.2
Note that C has the same units as the pumping speed. As in electrical theory, the 
conductance Cseries of a number of tubes connected in series is
— L _  = l_  +  i _  + i   B.3
Series ^  C2 C3
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Fig. B .l  Analytical representation of a vacuum system.
If one of the tubes has a conductance that is much small compared to other tubes 
in series, then
p w p p 4
^series “ ^smallest
In the same vein, a parallel network is equivalent to a single conductance 
^parallel such th at
^parallel =  +  C2 +  C3 H B.5
Using Eqs. B.3 and B.5, a vacuum system can be replaced by a single equivalent 
conductance leading from the gas source to a vacuum pump as shown in Fig. B.l. 
This is useful in calculating the net speed of a vacuum system. Referring to 
Fig. B .l, the net speed of the system is determined by Eq. B .l and is
S =  S_ b .5
P i
and the speed at the pump inlet is
S = ^ -  B.6
P r  2
Using Eqs. B.5, B.6 with Eq. B.2 the following relation is obtained
Q 2 z_ 
S 2p ^
In term ed ia te  
C ham ber
D ifferentia lly  
P u m p ed  Region
q 2s 2
-.Qi s i r
Q i s lp
P i
Co Q
E xp erim en ta l
Cham ber
Fig. B.2 Analytical representation of the experimental vacuum  
system.
s sp c
B.7
This is the master equation relating the net pumping speed of a vacuum system 
to the pumping speed of the pump and the conductance leading to it.
We are now ready to proceed with the analysis of the differential pumping 
used in our experiment. Fig. B.2 shows the analytic representation of our vacuum 
system. Let
P 0 =  pressure in the experimental chamber (EC)~ 10"3 torr 
P =  pressure in the differential pumping region (DPR) =  ?
P 2 = pressure in the intermediate chamber (IC) =  ?
Slp =  pumping speed of pump 1 =  50 liter s '1
S2p =  pumping speed of pump 2 =  170 liter s '1
S0 = net pumping speed in EC
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St =  net pumping speed in DPR due to pump 1
S2 =  net pumping speed in DPR due to pump 2
S =  net pumping speed in DPR
C0 =  conductance of the capillary tube (diameter =  0.2cm, length =  40 cm)
connecting EC with DPR 
C t =  conductance of the tube of smallest diameter in the path leading from the
pump 1 to DPR (diameter =  1.6 cm, length =  13 cm).
C2 =  conductance of capillary tube (diameter =  0.2 cm, length =30 cm)
connecting DPR to IC
For very low pressures, C0 and C2 are given by the relation
with the diameter D and length L of the tube measured in centimeters.
C0 ~ 12 « (0.2)3 x (40)_1 =  2.5 x 10‘3 liter s '1 
C t ~ 12 x (1.6)3 x (13)_1 =  4.0 liter s’1 
C2 ~ 12 x (0.2)3 x (30)"1 =  3.0 x 10'3 liter s '1
Now, throughput Q =  PS
But Q =  Q t +  Q2, where Qt =  PSt and Q2 =  PS2 are the throughput to pump 1 
and pump 2, respectively. Therefore
S =  St +  S2 
and S2 are calculated using Eq. B.7
B.8
L
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S2 =  3 X 10^ l i t e r s '1
which yields
S ~ 4 +  3 x 10-3 ~ 4 liter s '1
so that
4 +  2.5
2.5 x 10'3 liter s '1
Using the fact that the throughput is the same at all points in the system, we get
In the experiment, we obtain P 2 ~ 10' 10 torr. This is in fair agreement with the 
approximate value determined above for an ideal UHV system, as in practice, 
there are always contaminants present that tend to degrade the vacuum.
We end with a final note regarding the 2500 liter s '1 pump on the 
experimental chamber. This pump has not been taken into account in the above 
calculation because the action of this pump is balanced by the gas flow into the 
experimental chamber so that a steady pressure P 0 is maintained. However, if 
the gas flow is turned off, the pressure in experimental chamber drops to its base 
value ~ 10"8 torr and the net pumping speed S0 is about 2500 liter s '1. Then
P =  (PoSo)S'1 ~ 1(T3 x 2.5 x 10'3 x I 1 0 ' 6 torr
4
and
P =  (PoSo)S'1 ~ 10'8 x 2500 x I  ~ 10'6 torr
4
and
Thus, even if the pressure in the experimental chamber is changed by five orders 
of magnitude, the pressure in intermediate chamber remains almost unaffected. 
This clearly brings forth the efficacy of differential pumping.
APPENDIX C
Estimating the Fluorescence Detection Efficiency
12.5 m m
100 m m
0
Fig. C .l All photons emitted in the solid angle D are collected.
Referring to Fig. C .l, all photons emitted in the solid angle ft subtended by 
the lens at the interaction region 0  are collected. Assuming isotropic emission, 
the collection efficiency 77col is the ratio of ft to maximum possible solid angle 4tt
^col
4 JT
C . l
where ft, for this azimuthally symmetric arrangement, is given by
J
ft =  2r f  sin0 d0 = 2?r (1 -  cos0)
•'o
C.2
Substituting Eq. C.2 in Eq. C .l yields
1-COS0
Wcol C.3
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From Fig. C.l,
0 =  ta n '1^ )  =  7.125°
Therefore
ncol = 0.386%
The collection efficiency is doubled by placing a 25 mm diameter, 100 mm focal 
length concave mirror on the opposite side of the lens such that its center of 
curvature lies at the interaction region. Thus
>,col =  0.772%
There are losses due to reflection and we estimate that only 60% of the photons 
collected from the interaction region are transmitted to the monochromator. The 
transmission of the monochromator grating is ~ 50%. Finally, the quantum 
efficiency of the PMT photocathode is about 10%. Therefore, the transmission 
efficiency ?ytran is
0tran =  0-6 x 0.5 * 0.1 8 3%
The net detection efficiency r] is the product of collection and transmission 
efficiencies
Tj =  0.772 x 10‘2 x 3 x IQ'2 a 0.023%
APPENDIX D
Estimating the Photomultiplier Tube Output
The gain of the PMT is ~ 106. Therefore, for each photoelectron that is emitted 
by the photocathode, the anode receives 106 secondary electrons. The total 
charge reaching the anode for each photon detected is
1 photoelectron x 106 secondary electrons x 1.6 * IQ '19 C _  1.6 * 10~13 C 
1 photon 1 photoelectron 1 electron 1 photon
This charge packet takes typically ~ 6 * 10 "9 s to build up at the anode, and 
corresponds to an anode current given by
anode current =  c^a r %e- =  ^  *■ —---- — 10'5 A
t ime 6 * 10'9 s
This is the output pulse of the PMT and is fed into an amplifier across an input
impedance of 50 to transform it to a voltage pulse. The input voltage is
input voltage =  current « input impedance =  3 * 10 "5 A x 50 fi =  1.5 mV
The gain of the amplifier is « 90. Thus, the amplitude of the amplified voltage 
pulse fed to the discriminator is
voltage output = 90 * 1.5 mV =  135 mV
This is much larger compared to typical noise levels of about < 30 mV.
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APPENDIX E
Estimating Count Rates for Fluorescence Detection
The net count rate Inet is equal to the number of fluorescence photons emitted per 
second l v, v, ,  times the net detection efficiency r] estimated in Appendix C. 
I , , ,  is given by Eq. 3.1.9 which is rewritten here
The Einstein coefficient A , for spontaneous emission is the radiative lifetime
decay pathways (encompassed in the summation in above equation), we estimate
of the excited state photoions. This is typically ~ 10'9 s. Since there are radiative
Other factors on the LHS of Eq. 3.1.9 are typically:
a 1012 photons cm-2 s”1 (Appendix A)
a 1015 molecules s '1 at sample pressures ~ 10"3 -  10"2 torr [74] 
a , « 10'18 cm2 
la  0.5 cm
Substituting these in the above equation, we get
1v 'v "  = 5 * 107 Photons S_1
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Using the value of j/ =  .023% obtained in Appendix C, the net count rate is 
estimated
Inet =  5 x 107 x 0.023 x 10'2 ~ 104 Hz
For weaker channels, such as rotationally resolved, this count rate is further 
diminished to typically 50 -  500 Hz.
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